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ABSTRACT 
AMMONIUM AS A FACTOR IN ETHYLENE PRODUCTION 
IN PLANTS UNDER ENVIRONMENTAL STRESS 
MAY 1992 
JINAN FENG, B.S., HUAZHONG AGRICULTURAL UNIVERSITY 
M.S., UNIVERSITY OF MASSACHUSETTS 
Ph.D., UNIVERSITY7 OF MASSACHUSETTS 
Directed by: Professor Allen V. Barker 
Plants subjected to various environmental stresses often manifest high 
ethylene evolution and symptoms of epinasty, chlorosis, necrosis, and cupping of 
leaves. These symptoms are similar to those of ammonium toxicity. The 
objective of this study was to investigate the relationship of ammonium 
accumulation and ethylene production in the expression of toxic symptoms of 
plants with different stresses. Under greenhouse conditions, tomato plants 
(Lycopersicon esculentum Mill., ’Heinz 1350’ and neglecta~l) were grown in 
quartz sand medium with nutrient-deficient, liquid medium at various pH values 
and in soil-based medium with flooding, drought, or saline stress. 
Both tomato lines had high ethylene evolution accompanied with appearance 
of toxic symptoms in response to ammonium nutrition, but ’Heinz 1350' was 
more sensitive to ammonium toxicity than neglecta-1. Plants grown on NH4- 
based nutrition with pH buffering by CaC03 had low ammonium accumulation 
vi 
and low ethylene evolution and had no toxic symptoms. N03-based nutrition 
with high acidity (pH 3.5) slightly increased ammonium accumulation but had 
no effect on ethylene evolution. Urea nutrition with pH 3.5 increased 
ammonium accumulation and ethylene evolution by plants expressing toxic 
symptoms. 
N03-based nutrition with K, Ca, or Mg deficiency, flooding, or salinity 
enhanced ammonium accumulation and ethylene evolution by plants which also 
expressed stress-induced symptoms. The application of 10'5 M (aminooxy)acetic 
acid (AOA) suppressed ethylene evolution and ammonium accumulation and 
prevented the appearance of stress-induced symptoms. Application of 10'5 M 
silver thiosulfate (STS) delayed ethylene evolution and appearance of toxic 
symptoms but had no suppressive effect on ammonium accumulation. 
Plants grown on NH4-based nutrition had high putrescine concentration and 
low spermidine concentration. High spermidine concentration and low 
putrescine concentration occurred in plants grown on N03-based nutrition. 
Application of AOA suppressed accumulation of putrescine by plants grown on 
NH4-based nutrition or by plants grown on N03-based nutrition without P, K, 
Ca, or Mg. Application of STS had no effect on polyamine accumulation. 
In general, high ethylene evolution occurred on plants with relative high 
ammonium and putrescine accumulation regardless of source of environmental 
stresses. The hypothesis proposed here is that under environmental stress, the 
accumulation of ammonium stimulates biosynthesis of ethylene which in turn 
promotes the development of toxic symptoms. 
• • 
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CHAPTER I 
INTRODUCTION 
Agricultural crops often are subjected to various environmental stresses, 
such as nutritional stress, acid stress, water stress, and salt stress, which limit 
agricultural productivity by altering growth and development of crops. 
Alteration of ethylene evolution by plants is one of several responses of plants 
subjected to environmental stresses. The symptoms which accompany the 
limited productivity, such as leaf epinasty, chlorosis, necrosis, and cupping, are 
similar to the symptoms imparted by enhancement of endogenous or external 
ethylene. Enhanced ethylene evolution and ammonium accumulation in plant 
tissues often accompanies or precedes the development of stress. The 
ammonium accumulation in response to environmental stress is considered as 
the result of changing a series of nitrogen metabolism in the stressed plants. 
More ammonia was showed to accumulate in stress-sensitive plants than that in 
stress-tolerant plants. Additionally, stress-tolerant plants exhibit increased 
polyamine accumulation compared with stress-sensitive plants. Some reports 
indicated that, on the other hand, polyamines inhibit ethylene production by 
plants and that polyamine accumulation in plants varied with different forms of 
nitrogen application. 
The objectives of this study were (1) to observe the symptomatology of 
ammonium toxicity and the manifestation of symptoms by tomato plants grown 
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with nutritional stress, acid stress, water stress, or salt stress, (2) to investigate 
ethylene evolution and ammonium and polyamine accumulation by tomato 
plants in response to these environmental stresses and to the application of 
ethylene inhibitors, and (3) to evaluate the relationships between biosynthesis of 
ethylene and accumulation of ammonium and polyamines in the expression of 
toxic symptoms by stressed tomato plants. 
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CHAPTER H 
LITERATURE REVIEW 
Ethylene, as an hormone, plays an important role in plant growth and 
development This hormone may be beneficial or harmful to plants depending 
on where and when the ethylene action occurs. The pathway (Yang, 1985) of 
ethylene biosynthesis in most higher plants is considered to be: 
+ATP 
Methionine -► S-adenosylmethionine (SAM) -► 
+02 
1-aminocyclopropane-l-carboxylic acid (ACC) -► Ethylene 
Ethylene production by plants can be affected by many environmental 
stresses. Either waterlogging or water deficit can increase ethylene evolution by 
plants. One of the most rapid, visible responses of plants, such as tomato, to 
waterlogging is the downward growth of the petioles known as epinasty (Jackson 
and Campbell, 1976; Jackson et al., 1978; Bradford and Dilly, 1978). This 
epinastic movement of the leaves is caused by more rapid expansion of the cells 
on the upper side of the petiole compared to those on the lower side (Bradford 
and Yang, 1981). Various studies have shown that ethylene induces epinasty 
even at very low concentrations and that waterlogged plants appeared very 
similar to plants which have been gassed with ethylene (Bradford and Dilly, 
1978; Jackson et al., 1978; Yamamoto and Kozlowski, 1987). Another visible 
symptom of waterlogging injury is leaf chlorosis. Ethylene accumulated in 
3 
flooded plants contributes to the conspicuous chlorosis of leaves (Bradford and 
Dilly, 1978; Kawase, 1981). Probably, ethylene accelerates chlorophyll 
degradation and induces yellowing of green tissue, but whether ethylene acts on 
the leaves directly or promotes chlorosis indirectly is not clear (Jackson et al., 
1987; Kader, 1985). Furthermore, decreased stem and root growth are also 
symptoms of waterlogging injury. When elongation is inhibited, stems and roots 
become thicker by enhanced radial expansion of the cell. Flooding of soil 
greatly increased stem diameter and reduced dry root weight of Pinus densiflora 
seedling (Yamamoto and Kozlowski, 1987). Bradford and Yang (1981) proposed 
that l-aminocyclopropane-l-carboxylic acid (ACC), a precursor of ethylene 
synthesis, is accumulated in the submerged roots and this precursor can be 
transported from the anaerobic roots via the transpiration stream to the shoots 
and then converted to ethylene under aerobic condition, causing the 
characteristic responses mentioned above. 
Ethylene production by plants also is affected by water-deficit stress. Some 
reports indicate that water-deficit induces an increase in ethylene production by 
plants (Apelbaum and Yang, 1981; Ben-Yehoshua and Aloni, 1974; McMichael 
et al., 1972; Neill et al., 1986). The effect of water-deficit stress on ethylene 
production is not as clear as the effect of waterlogging. However, Apelbaum 
and Yang (1981) proposed that the conversion of SAM to ACC is a key reaction 
in the production of water deficit stress-induced ethylene. They suggested that 
during the course of ethylene synthesis induced by water-deficit stress, de novo 
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synthesis ot an enzyme, probably ACC synthase, is responsible for the 
accumulation of ACC and the increased ethylene production. 
Salt or osmotic stress is another factor which affects ethylene production by 
plants. Ethylene evolution from tomato fruits treated with 0.1 M NaCI was 
much higher than from fruits receiving no salt treatment (Mizrahi, 1982). Salt 
stress stimulated ethylene production by sorghum leaves and lowered ethylene 
production by wheat leaves (Zhang and Kirkham, 1989). Khan et al. (1987) 
found that the capacity of rice to produce ethylene was a cultivar-dependent 
trait and was correlated well with salt tolerance at the seedling stage. They 
suggested that ethylene may serve as a biochemical marker for mass screening 
of large breeding populations of rice for salinity tolerance at the seedling 
establishment phase. 
Finally, ethylene production by plants can be affected by nutrient stresses. 
Nutritional stress increased rates of ethylene evolution by young cotton bolls, 
and there were significant negative correlations between sugar content of bolls 
and their rate of ethylene evolution (Guinn, 1976). Ethylene evolution from 
tomato plants treated with ammonium nitrogen was much higher than that with 
nitrate nitrogen, and ethylene produced by plants deficient in K, Ca, or Mg 
increased compared with that of plants grown on nutritionally complete 
solutions with N03-N (Barker and Corey, 1988; Corey et al., 1987). 
Arginine and ornithine are proposed as precursors for the synthesis of 
putrescine (Flores and Galston, 1984b). S-adenosylmethionine is the precursor 
of ethylene production (Yang, 1985). Both putrescine and S-adenosylmethionine 
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(SAM) are precursors for the syntheses of spermidine and spermine (Miyazaki 
and Yang, 1987). Because of different precursors for ethylene and putrescine 
productions there would be no competition for ethylene synthesis between 
putrescine and spermidine or spermine (Corey and Barker, 1989). 
Externally applied polyamines, putrescine, cadaverine, spermidine, or 
spermine reduced the amount of ethylene produced by senescing petals of 
Tradescantia, apple fruit, and leaf tissue. They also inhibited auxin-mediated 
ethylene production by etiolated soybean hypocotyls and the conversion of 
methionine and 1-aminocyclopropane-l-carboxylic acid to ethylene (Suttle, 1981; 
Apelbaum et al., 1981). On the other hand, external ethylene inhibited the 
activities of arginine decarboxylase and S-adenosylmethionine decarboxylase 
which are enzymic steps preceding conversion of putrescine to spermidine and 
spermine (Apelbaum, 1983; Icekson et ah, 1986). 
Corey and Barker (1989) reported that putrescine concentrations in leaves of 
tomato plant supplied with NH4-N were much higher than those of plants 
supplied with N03-N but that spermidine was affected conversely and that 
potassium deficiency increased putrescine accumulation regardless of N form. 
However, potassium deficiency and ammonium supply increased putrescine and 
spermidine in many other high plants (Klein et ah, 1979; Smith, 1970). In 
addition, acid stress (pH<5) also increased putrescine concentration in oat leaves 
but had no effect on the other polyamines (Young and Galston, 1983). 
Phosphorus deficiency increased de novo arginine biosynthesis due to ammonia 
accumulation in plant leaves (Rabe and Lovatt, 1986). Arginine decarboxylase 
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activity in oat leaves was stimulated by osmotic stress, and putrescine and 
spermidine accumulated in cereal cells and protoplasts under osmotic stress 
(Flores and Galston, 1982b, 1984a and 1984b). 
In conclusion, enhanced ethylene evolution by plants under various 
environmental stress usually accompanied stress-induced symptoms and was 
related to the alteration of internal nitrogen compounds. 
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CHAPTER HI 
NUTRIENT STRESS 
Abstract 
Environmentally stressed plants frequently have elevated rates of ethylene 
evolution and high accumulation of free ammonium by their foliage. The 
objective of this study was to investigate ethylene evolution and ammonium 
accumulation by nutrient-deficient and ammonium-stressed tomato plants 
(Lycopersicon esculentum Mill. ’Heinz 1350’ and neglecta-1) grown in a 
greenhouse. In soil culture, ’Heinz 1350’ was more sensitive to ammonium 
toxicity and had higher ethylene evolution than neglecta-1. High ethylene 
evolution corresponded with appearance of ammonium toxicity symptoms in 
both lines. In sand culture, ’Heinz 1350’ and neglecta-1 grown with K, Ca, or 
Mg deficiency in N03-based nutrient solutions had higher ammonium 
accumulation and higher ethylene evolution than plants grown with complete 
nutrition. P-deficient plants had elevated ammonium accumulation but low 
ethylene evolution. Plants grown on NH4-based nutrition with pH buffering by 
CaC03 had lower ethylene evolution and lower ammonium accumulation than 
plants grown in unbuffered solutions but had higher values than plants grown 
with N03-based nutrition. Adequate K nutrition suppressed ethylene evolution 
and ammonium accumulation for all plants regardless of nitrogen regimes. 
Ammonium accumulation and ethylene biosynthesis in plants appear to be 
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related processes. They appear to be indicators of stress and may have roles in 
development of symptoms of nutritional stresses. 
Introduction 
Elevated rates of ethylene evolution by plants subjected to environmental 
stresses often are accompanied by symptoms of epinasty, chlorosis, and upward 
cupping of leaves (Bradford and Dilley, 1978; Jackson and Campbell, 1976; 
Jackson et al., 1978; Kawas, 1981; Leather et al., 1972). These symptoms of 
environmental stress are similar to those of ammonium toxicity (Maynard and 
Barker, 1969; Maynard et al., 1966; Puritch and Barker, 1967). Necrotic stem 
lesions and high rates of ethylene evolution observed with ammonium-stressed 
tomato plants have been associated with K deficiency (Barker et al., 1967; Corey 
et al., 1987; Corey and Barker, 1989). Corey et al. (1987 and 1989) reported 
that ethylene evolution by a K-deficient tomato genotype susceptible to 
ammonium toxicity was high relative to that from a stress-resistance genotype 
grown under the same conditions. Stresses of ammonium toxicity in plants are 
alleviated by supplementing the K supply or by buffering the growth medium at 
neutral pH (Maynard and Barker, 1969; Corey and Barker, 1989). These 
ameliorating factors restrict the accumulation of uncombined ammonium in 
plant tissues (Barker, 1967; Barker et al., 1967). In sand culture, deficiencies of 
K, Ca or Mg with nitrate-based nutrient solution stimulated ethylene evolution 
by tomato plants (Barker and Corey, 1988). From this previous work, it 
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appears that ammonium accumulation and ethylene evolution are common 
events in nutrient-stressed plants. 
The objectives of this study were to follow the symptomatology of resistant 
and susceptible tomato genotypes subjected to ammonium toxicity and to 
nutrient deficiency and to measure ethylene evolution and ammonium 
accumulation by these plants. 
Materials and Methods 
Tomato lines ’Heinz 1350’ and neglecta-1 were seeded in a peat-vermiculite 
mix. One week after emergence, seedlings were transplanted to a mixture of 
peat, vermiculite, and perlite. At about the 5-leaf stage, they were transplanted 
into plastic azalea pots (15-cm diameter x 11-cm height) for different treatments 
in soil or sand culture. 
Time Course 
This experiment assessed the duration of treatment with ammonium 
nutrition on ethylene evolution by tomato. Plants were placed in pots containing 
a soil-based medium of sandy loam, peat, and sand (7:3:2, respectively, by 
volume). The medium was amended with triple super phosphate (0-20P-0) and 
agricultural limestone, each at 2 g/kg. The plants received 100 ml of a solution 
of 20 mM (NH4)2S04 and 40 mM KCI daily per pot beginning on the day after 
transplanting. Shoot tips, consisting of the first fully expanded leaf and leaves 
above it, were taken for ethylene determination at 0, 5, 10, 15, 20, 25, and 30 
days following the beginning of the ammonium treatments. 
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Tte ecpcruasni xssfsscc th* effect of ammonium concentration on ethylene 
^ett:xc by Kxnaro. Tbe growth mod mm the same as described in the first 
expermaent Tune C*un*i. The plants were supplied with (NH*).S04 at 0, 5. 10. 
15, I > or 15 mM and KC1 at n\M. The fertiliser solutions were given at 100 
ml >x daily. Treatments were started on the day after transplanting and were 
cvnnnued for 3 weeks. 
V-trira: Deficiency 
To assess the effect of stresses of nutrient deficiency on ethylene evolution 
and ammonium accumulation by tomato, the plants were tranferred from the 
seeding medium to pots filled with quartz sand. All pots received 100 ml of 
half-strength Hoagland's No. 1 (Hoagland and Arnon. 1950) nutrient solution 
daily for one week after transplanting. The ensuing treatments consisted of full- 
strength Hoagland's No. 1 (15 mM N03), a modified ammonium-based 
Hoagland's solution (15 mM NH4"), and modified nitrate-based Hoagland’s 
solution without P. K, Ca, or Mg. All solutions were applied for 3 weeks in 
sufficient amounts daily to percolate through the sand. 
Buffering and Potassium Regimes 
In a fourth experiment to assess the effect of various K nutrition regimes on 
ethylene evolution and ammonium accumulation, plants in quartz sand were 
supplied with 100 ml of half-strength Hoagland’s No. 1 nutrient solution daily 
for 1 week. The ensuing treatments consisted the nitrate-based or modified 
ammonium-based Hoagland’s solution with or without K. Also 10 g CaC03 per 
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pot were mixed with quartz sand to buffer acidity in the medium to provide 
another set of treatments for plants receiving ammonium-based solution with or 
without potassium. AH pots were irrigated with sufficient solution daily for 3 
weeks as described in the third experiment. 
General Procedures 
All experiments were conducted under greenhouse conditions. To determine 
ethylene evolution from tomato, tips including the first fully expanded leaf of 
plants (about 10 grams fresh weight) were placed in pint (500-mi) canning jars 
with 10 ml of water in bottom, which were sealed with serum caps inserted in 
the lids. After 2 hours, ethylene concentrations were measured by taking 2-mI 
gas samples from the jars for analysis by gas chromatography (GDX-502, mesh 
60-80, column set at 150 °C, N2 as the carrier gas, and a flame ionization 
detector). After ethylene determination, the tip samples were extracted with a 
solution of 1M KC1-0.02M CuS04 and analyzed by steam distillation for 
ammonium-N in the third and the fourth experiment. Stem lesions in fourth 
experiment were rated on a visual index as described by Barker et al. (1967). 
Shoot fresh weights were determined. pH values were measured by collecting a 
sample of leachate from the sand after adding 100 to 200 ml of deionized water 
to pots at harvest time. A split plot design was used in the first experiment, and 
a randomized complete block design was used in other experiments. All 
experiments had four replications. The data were processed by analysis of 
variance (Helwig, 1987). 
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Results 
Time Course 
In pot culture with soil-based medium, ’Heinz 1350’ supplied with 40 mM 
NH4+ and 40 mM K+ appeared chlorotic after 10 days of treatment. The middle 
and lower leaves of ’Heinz 1350’ showed upward cupping and epinasty at 20 
days and wilting at 25 days. Neglecta-1 leaves began cupping at 25 days, and 
lower leaves appeared necrotic at 30 days. The decrease in growth rate began 
at 20 days after ammonium application for ’Heinz 1350’and at 25 days for 
neglecta-1 (Figure 3.1). Rates of ethylene evolution from ’Heinz 1350’ were 
higher than from neglecta-1 on all dates. Ethylene evolution declined after 
reaching a maximum at 20 days for ’Heinz 1350’ and at 25 days for neglecta-1. 
Concentration of Ammonium 
The growth of tomato plants worsened as concentration of applied 
ammonium increased. ’Heinz 1350’ was chlorotic at 15 mM. Epinasty and 
upward cupping appeared at 20 and 25 mM at three weeks after ammonium 
application. Chlorosis and upward cupping appeared on neglecta-1 grown with 
25 mM ammonium application. Growth was restricted if ammonium was 
applied over 15 mM for ’Heinz 1350’ and at 25 mM for neglecta-1. Rates of 
ethylene evolution increased from ’Heinz 1350’ and neglecta-1 corresponding to 
the restriction in growth at 3 weeks after ammonium application (Figure 3.2). 
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Nutrient Deficiency 
In sand culture, ’Heinz 1350’ grown in nutrient-deficient media had 
characteristic symptoms of each deficient element. The leaves of P-deficient 
plants had abnormal purple color. Marginal leaf necrosis appeared on K- 
deficient plants. The Ca-deficient plants had dieback and brown spots on young 
leaves. Mottled, interveinal chlorosis on upper leaves and necrosis on lower 
leaves developed on Mg-deficient plants. The characteristic symptoms of 
nutrient deficiency were not distinct on neglecta-1. The lower leaves of P- 
deficient neglecta-1 were necrotic, and the Ca or Mg-deficient plants had 
chlorotic upper leaves. 
Growth of all nutrient-deficient plants of ’Heinz 1350’ was stunted relative 
to those supplied with full nitrate-based solution (Table 3.1). For neglecta-1, 
growth of only the P and K-deficient plants was restricted. Compared with 
plants under full nitrate-based nutrition, the K, Ca, and Mg-deficient treatments 
significantly elevated ammonium accumulation and often stimulated ethylene 
evolution by each genotype. The P-deficient plants had low ethylene evolution 
but high ammonium accumulation (Table 3.1). 
Buffering and Potassium Regimes 
The effect of K deficiency on growth of tomato plants varied with form of 
nitrogen nutrition. Symptoms of chlorosis and epinasty appeared with ’Heinz 
1350’ plants grown under ammonium nutrition with or without K application. 
With buffered ammonium nutrition, slight chlorosis was observed only on plants 
grown without K application. Stem lesion formation was severe (index 2.50) and 
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slight (index 0.75) on plants under unbuffered and buffered ammonium solution, 
respectively, without K. No stem lesions appeared on plants with nitrate 
solution. Neglecta-1 had necrotic leaves with unbuffered ammonium nutrition 
without K but showed no stem lesions. 
Pottassium deficiency limited the growth of ’Heinz 1350% regardless of 
nitrogen source, but had no significant effect on growth of neglecta-1. The pH 
of the medium decreased sharply in the unbuffered medium with ammonium 
solution. Ethylene evolution and ammonium accumulation by plants grown in 
buffered ammonium solution declined with K application. For plants grown in 
unbuffered ammonium solution with or without K, all rates of ethylene 
evolution were high, but the plants without K application accumulated more 
ammonium (Table 3.2). 
Discussion 
The results of this study indicate that ’Heinz 1350’ is more sensitive to 
ammonium toxicity than neglecta-1. The symptoms of ammonium toxicity with 
’Heinz 1350’ appeared 5 days earlier and at lower ammonium supplies than 
with neglecta-1. Ethylene evolution by ’Heinz 1350’ was higher than that by 
neglecta-1, and ammonium accumulation was often higher in ’Heinz 1350’ than 
in neglecta-1. Increased rates of ethylene evolution corresponded with 
appearance of symptoms of ammonium toxicity. 
The enhancement of ethylene evolution by plants deficient in K, Ca, or Mg 
agreed with previous findings (Barker and Corey, 1988; Corey and Barker, 
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1989; Corey et al., 1987). Ammonium accumulation in leaves during nutrient 
deficiency has been reported to coincide with inhibition of plant growth and 
stimulation of arginine and polyamine biosynthesis (Rabe and Lovett, 1986; 
Lovett, 1990). Increases in putrescine concentration due to K, Ca, or Mg 
deficiency have been noted for leaves of tomato (Corey and Barker, 1989), pea 
(Klein et al., 1979), and barley (Smith, 1973). Arginine may be a common 
precursor for the biosynthesis of putrescine and S-adenosylmethionine (Smith, 
1990), which is is a common precursor for the biosynthesis of spermidine, 
spermine, and ethylene (Miyazaki and Yang, 1987). 
The present experiments demonstrated that K, Ca, or Mg-deficient plants 
accumulated uncombined ammonium and had elevated rates of ethylene 
evolution. Ethylene evolution by plants cultured in nutrient-deficient, nitrate- 
based solutions increased linearly as ammonium accumulation increased from 20 
to 80 pg N/g across the array of nutrient-deficient regimes and blocks of 
treatments (Figure 3.3A). Ammonium-grown plants accumulated more 
ammonium than the nutrient-deficient plants. With ammonium nutrition, 
ethylene evolution increased linearly as ammonium increased from 200 to 800 
ugN/g in response to buffering regime, K nutrition, and blocks of treatments 
(Figure 3.3B). An accumulation of ammonium-N in excess of 200 ug/g was 
associated with ammonium toxicity in plants (Maynard and Barker, 1969). 
Barker (unpublished data) noted a stimulation of ethylene evolution at a 
threshold value of 200 pg N/g for ammonium-grown plants receiving full 
nutrition. Puritch and Barker (1967) reported that photosynthesis was 
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diminished at a similar threshold value of ammonium accumulation. Stress 
from k. Ca. or Mg deficiency appears to stimulate ethylene evolution at lower 
levels of ammonium accumulation than ammonium application in vitro does. 
The symptoms of ammonium toxicity were related to ethylene biosynthesis 
and ammonium accumulation. Ethylene evolution in nutrient-deficient plants 
was correlated with ammonium accumulation, although the level of ammonium 
accumulation was below that reported to be toxic from direct feeding of 
ammonium-N. Possibly, the small amount of ammonium accumulation signifies 
metabolic disruption in nutrient-deficient plants, and ethylene evolution occurs 
in response to this stress. On the other hand, the correlation with ammonium 
accumulation and magnitude of ethylene evolution in response to nutrient 
stresses support the hypothesis that environmental stress brings about 
ammonium accumulation which initiates or stimulates ethylene biosynthesis to 
induce development of symptoms of stress (Barker and Corey, 1991). 
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TABLE 3.1. Medium pH Value, Fresh Weight, Ethylene Evolution, and 
Ammonium Accumulation of Nutrient-Deficient Tomato. 
Treatment 
Measurement*!" 
pH Fresh Shoot 
(g/pot) 
Ethylene 
(nl/ghr) 
Ammonium 
(Mg N/g) 
Heinz 1350 
NH4 (Full) 3.24e 25b 12.6b 315a 
N03 (Full) 8.19a 46a 8.5c 21d 
N03-P 5.80d 13d 3.6d 67b 
NO3-K 7.45b 19c 11.5bc 40c 
N03-Ca 7.52b 23bc 20.5a 65b 
N03-Mg 6.79c 24b 11.9bc 43c 
neglecta-1 
nh4 3.49d 14ab 12.5a 225a 
N03 6.78b 15a 6.8bc 33d 
NO3-P 5.84c 5c 5.1c 126b 
*
 1 fO 
O
 6.92ab 10b 10.4ab 58c 
N03-Ca 7.27a 13ab 13.0a 56c 
N03-Mg 6.56b 12ab 10.3ab 57c 
Results of analysis of variance, F test 
Genotype(G) ** ** * NS 
Treatment(T) ** ** ** ** 
G x T ** ** * ** 
t Means followed by different letters within columns under genotypes are 
significantly different (5% level) by Duncan’s multiple range test. Ethylene 
evolution and ammonium accumulation are expressed on a fresh weight basis. 
NS Nonsignificant; * Significant at 5% level; ** Significant at 1% level. 
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TABLE 3.2. Medium pH Value, Fresh Weight, Ethylene Evolution, and 
Ammonium Accumulation of Tomato as Affected by Various Potassium 
Nutrition Regimes. 
Treatment Measurementt 
N-source K+ pH Fresh Shoot Ethylene Ammonium 
(mM) (g/pot) (nl/g-hr) (Mg N/g) 
Heinz 1350 
nh4 6 3.16d 45b 22.6a 403b 
nh4 0 3.41c 35c 26.4a 585a 
NH4+CaC03 6 6.74b 75a 8.9b 223c 
NH4+CaC03 0 6.75b 51b 19.4a 450b 
no3 6 6.75b 68a 9.8b 35d 
no3 0 7.11a 50b 9.8b 42d 
neglecta-1 
nh4 6 3.27c 16a 17.9a 340c 
nh4 0 3.36c 14a 20.0a 487a 
NH4+CaC03 6 6.91a 20a 4.7c 221d 
NH4+CaC03 0 6.92a 14a 12.6ab 403b 
no3 6 6.52b 19a 3.9c 46e 
no3 0 6.87a 17a 6.3bc 57e 
Results of analysis of variance, F test 
Genotype(G) NS ** ** ** 
N-Source(N) ** ** ** ** 
Potassium(K) ** ** ** ** 
G x N ** ** NS ** 
N x K * NS NS ** 
G x K NS ** NS NS 
G x N x K NS NS NS NS 
t Means followed by different letters within columns under genotypes are 
significantly different (5% level) by Duncan’s multiple range test. Ethylene 
evolution and ammonium accumulation are expressed on a fresh weight basis. 
NS, Nonsignificant; *, Significant at 5% level; **, Significant at 1% level. 
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FIGURE 3.1. Time Course for the Effect of Ammonium Nutrition on Fresh 
Weights and Ethylene Evolution by Tomato Shoots. (Ethylene evolution is 
expressed on a fresh weight basis). 
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Ammonium Concentration(mM) 
FIGURE 3.2. Fresh Weights and Ethylene Evolution of Tomato Plants as 
Function of Ammonium Concentration in Nutrition Solution. (Ethylene evolution 
is expressed on a fresh weight basis). 
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Ammonium Accumulation (jig/g) 
FIGURE 3.3. Relationship between Ethylene Evolution and Ammonium 
Accumulation with Nutrient Deficiency and N03-based Nutrition (A) and with 
Complete NH4-based Nutrition (B). (Ethylene evolution and ammonium 
accumulation are expressed on a fresh weight basis). 
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CHAPTER IV 
INHIBITOR EFFECTS 
Abstract 
Ammonium accumulation and ethylene biosynthesis by plants may be 
interrelated events that lead to expression of symptoms of environmental stress. 
The present study assessed the effects of inhibitors of ethylene synthesis or 
action on ethylene evolution, ammonium accumulation, polyamine concentration, 
and symptoms of tomato plants (.Lycopersicott esculentum Mill.) stressed by 
ammonium toxicity or nutrient (P, K, Ca, Mg) deficiency. ’Heinz 1350’ and 
neglecta-1 tomato were grown in sand culture in greenhouses. Plants receiving 
ammonium nutrition and (aminooxy)acetic acid (AOA) had no symptoms of 
ammonium toxicity. Ethylene evolution and ammonium accumulation was 
suppressed by AOA. Silver thiosulfate (STS) delayed the appearance of 
ammonium toxicity symptoms and maximum ethylene evolution, but had no 
effect on maximum ammonium accumulation relative to the plants treated 
without STS. Ammonium accumulation and ethylene evolution by nutrient- 
deficient plants, especially Ca and Mg, were inhibited by AOA. AOA delayed 
expression of symptoms of nutrient deficiency for several days and elevated 
elemental concentrations but restricted growth of nutrient-deficient plants. 
Plants receiving ammonium nutrition had higher putrescine than spermidine, 
but spermidine was higher than putrescine in plants receiving nitrate nutrition. 
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AOA suppressed putrescine and spermine accumulation in plants supplied with 
ammonium nutrition and decreased all polyamines in plants treated with 
nitrate-based deficient nutrition. The results of this study suggest that 
ammonium accumulation and ethylene biosynthesis are common processes in 
development of symptoms in nutrient-stressed plants. 
Introduction 
Leaf epinasty, chlorosis, and necrosis and enhanced ethylene evolution are 
common symptoms of environmentally stressed plants (Bradford and Dilly, 
1978; Jackson and Campbell, 1976; Kawas, 1981; Leather et al., 1972). Tomato 
plants grown with excessive ammonium nutrition show symptoms similar to 
those of environmentally stressed plants (Corey and Barker, 1989; Corey et al., 
1987; Maynard and Barker, 1969; Puritch and Barker, 1967). Ethylene 
evolution by tomato plants was stimulated by deficiencies of K, Ca, or Mg 
(Barker and Corey, 1988; Corey et al., 1987). Ammonium accumulation 
increases in plants stressed by factors other than ammonium toxicity (Lazcano- 
Ferrat and Lovatt, 1988; Lovatt, 1990; Lovrekovich et al., 1970; Phillips et al., 
1987). The concentration of putrescine was enhanced and accompanied by 
increased ethylene evolution by tomato plants subjected to ammonium toxicity 
and potassium deficiency (Corey and Barker, 1989) The previous study showed 
a significant relationship between ethylene evolution and ammonium 
accumulation by tomato plants (Chapter III). Ammonium accumulation and 
ethylene evolution may be interactive processes which are initiated by 
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environmental stresses and which promote development of stress-related 
symptoms. 
The objectives of this study were to investigate the relationship of ethylene, 
ammonium, and polyamines in the expression of symptoms and to assess the 
effects of inhibitors of ethylene action and synthesis on growth and composition 
of plants stressed by ammonium toxicity or nutrient deficiencies. 
Materials and Methods 
The seedlings of tomato cultivar ’Heinz 1350’ and mutant neglecta-1 vrere 
prepared as described in Chapter HI. 
Nitrogen Sources and Ethylene Inhibitors 
In the first experiment, ’Heinz 1350’ plants were transplanted into quartz 
sand in 15-cm diameter x 11-cm height plastic azalea pots. Plant were irrigated 
daily with 100 ml of half-strength Hoagland’s No.l solution (Hoagland and 
Arnon, 1950). One week after transplanting, plants received the following 
nutrition regimes: (a) N03, (b) NH4, (c) NH4 + AOA [(aminooxy)acetic acid], and 
(d) NH4 + STS (silver thiosulfate); STS was prepared by mixing equal volumes 
of 0.01M AgN03 and 0.08M sodium thiosulfate (Na2S2035H20). Nitrate and 
NH4 were supplied with full-strength Hoagland’s No.l and modified NH4-based 
Hoagland’s solution. AOA and STS were supplied at 0.05 mM (solutions c and 
d). Shoot tips, the first fully expanded leaf and young leaves above this leaf, 
were taken for ethylene measurement at 2, 4, 6, 7, 8, 9, 11, and 13 days 
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following the beginning of treatments. These tissues were saved at -20 °C for 
ammonium determinations. 
In a second experiment, ’Heinz 1350’ and neglecta-1 were treated as 
described in the first experiment. About 2 grams of leaflets from young fully 
expanded leaves were taken for polyamine analysis, and tip samples including 
one fully expended leaf were taken for ethylene and ammonium determinations 
one week after the treatments began. 
Nutrient Deficiencies and Ethylene Inhibitors 
’Heinz 1350’ and neglecta-1 were transplanted into quartz sand. After 
application of half-strength Hoagland’s No.l solution for one week, the plants 
received full-strength Hoagland’s No.l solution without P, K, Ca, or Mg with or 
without 0.05 mM AOA. After 2 weeks, 2 grams of leaflets and tips were taken 
for polyamine, ethylene, and ammonium determinations, respectively. 
In another experiment, ’Heinz 1350’ was treated as described above. The 
first fully expanded leaf and the third and fourth leaves from the bottom of the 
plants were collected for analysis of mineral elements. 
General Procedures 
All experiments were conducted in greenhouse conditions. A split-plot 
design was used in the first experiment with nitrogen sources and ethylene 
inhibitors, and a randomized complete block design was used in other 
experiments, each design having four replications. The procedures for ethylene, 
ammonium, and pH determination were the same as described in Chapter HI. 
The tissues for mineral analysis were dried at 80 °C and ground to pass a 30- 
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mesh screen. With a dry ashing procedure, P was determined as 
molybdovanadophosphoric acid, and K, Ca, and Mg were determined by atomic 
absorption spectrophotometry. Polyamine concentration in leaves was 
determined by High Performance Liquid Chromatography (HPLC) according to 
Flores and Galston (1982a). Data were processed by analysis of variance 
(Helwig, 1987). 
Results 
Nitrogen Sources and Ethylene Inhibitors 
’Heinz 1350’ plants appeared chlorotic 5 days after ammonium was supplied 
and were epinastic with upward leaf cupping 5 days later. Plant receiving 
ammonium and STS appeared ammonium toxic 3 days later than without STS. 
AOA prevented appearance of ammonium toxicity but retarded plant growth 
(Figure 4.1). 
Ethylene evolution reached maximum rates at 8 days after ammonium was 
supplied, and STS delayed maximum ethylene evolution for 3 days (Figure 4.2). 
Plants treated with AOA and ammonium had low ethylene evolution until 13 
days on treatment. Plants that received ammonium nutrition with or without 
STS had maximum ammonium accumulation at 8 days after treatment. 
Ammonium accumulation by plants treated with ammonium and AOA was low. 
One week after application of ammonium in another experiment, growth of 
’Heinz 1350’ and neglecta-1 plants treated with AOA or STS was restricted 
significantly compared with that of plants without the inhibitors (Table 4.1). 
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Ethylene evolution of plants treated with ammonium was significantly supressed 
by application of AOA. ’Heinz 1350’ plants treated with STS had lower rates of 
ethylene evolution than those receiving ammonium only but had higher rates 
than those receiving ammonium and AOA. Increased ammonium accumulation 
corresponded with enhanced ethylene evolution (Table 4.1). Putrescine 
concentration in plants receiving ammonium nutrition was higher than that of 
plants supplied with nitrate nutrition, and spermidine concentration in plants 
grown on ammonium nutrition was lower than that of plants receiving nitrate 
nutrition. Application of AOA decreased putrescine and spermine 
concentrations in plants supplied with ammonium nutrition. STS had no 
significant effect on polyamine concentration (Table 4.2). 
Nutrient Deficiencies and Ethvlene Inhibitors 
Nutrient-stressed plants showed deficiency symptoms after 2 weeks on 
treatments, but the plants that received AOA had no distinct deficiency 
symptoms during the experiment Fresh weights of plants treated with AOA, 
however, were smaller than those without AOA application. Ethylene evolution 
and ammonium accumulation by plants were suppressed by AOA application 
with the nutrient-deficient treatments (Table 4.3). Supplied AOA seemed to 
decreased the polyamine accumulation in the deficient-stressed plants with 
nitrate-based nutrition (Table 4.4). 
In most cases, AOA decreased elemental concentrations in plants receiving 
full nutrition but increased the concentrations in plants with elemental 
deficiency. The upper leaves accumulated higher concentrations of F and K but 
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lower concentration of Ca and Mg than lower leaves (Table 4.5, 4.6, 4.7, and 
4.8). 
Discussion 
Previous studies indicate that stress-induced symptoms, ethylene evolution, 
and ammonium accumulation by tomato plants are interrelated events (Chapter 
III). Environmental stress may cause ammonium accumulation, which 
stimulates ethylene biosynthesis and which, in turn, promotes the development 
of toxic symptoms. Inhibition of ethylene synthesis (with AOA) or action (with 
STS) lessened or prevented appearance of symptoms of ammonium toxicity 
(Barker and Corey, 1991). The present study reaffirmed that AOA effectively 
prevented appearance of ammonium toxicity symptoms and demonstrated that 
plants treated with AOA had lower ethylene evolution and ammonium 
accumulation than ammonium-stressed plants not receiving AOA (Table 4.1 and 
Figure 4.2). However, STS only delayed appearance of toxicity. Plants that 
received STS had relatively low ethylene evolution at early stages of growth but 
had high ammonium accumulation. The results suggest that the appearance of 
toxicity symptoms is related to ethylene synthesis and that initial accumulation 
of ammonium is not induced by ethylene action. 
Barker et al. (1966a) reported that ammonium nutrition restricted synthesis 
of insoluble nitrogen compounds and promoted a large increase in free 
ammonium and amino nitrogen in bean (Phaseolus vulgaris L.) leaves. Visual 
symptoms of ammonium toxicity symptoms corresponded with accumulation of 
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free ammonium which was derived from internal nitrogen sources, apparently 
proteins. Nutrient deficiencies often result in altered nitrogen metabolism and 
promote an increase in the soluble nitrogen fraction in vascular plants (Smith. 
1973; Stewart 1980). In the present study, nutrient-deficient plants grown on 
nitrate-based nutrition had high ammonium accumulation accompanied with 
high rates of ethylene evolution relative to the plants that received complete 
nitrate-based nutrition. The evidence indicates that stress-induced accumulation 
of free ammonium could be derived from internal nitrogen sources and could 
mediate the appearance of stress-induced symptoms. 
Lovatt (1990) noted that increased ammonium accumulation in response to 
abiotic stresses is a key factor causing changes in nitrogen metabolism during 
stresses. They proposed that in stress-tolerant plants, accumulated ammonium 
is removed through arginine biosynthesis and that in stress-sensitive plants free 
ammonium increases if arginine biosynthesis is inhibited (Lovatt 1990; Rabe 
and Lovatt 1986). Our evidence strongly suggests that ammonium 
accumulation in stress-sensitive plants is a principal factor in stimulating 
ethylene synthesis and the development of stress-induced symptoms. 
The biological functions of polyamine in plants have not been very clear. 
The relationship of polyamine accumulation and ethylene evolution by stressed 
plants has been interpreted differently (Apelbaum et aL 1981: Corey and 
Barker, 1989: Icekson et aL 1986; Saftner. 1989: Suttle. 1981;). In this study, 
plants grown on ammonium nutrition and nitrate-based nutrient-deficient 
nutrition had higher putrescine concentration accompanied with high ethylene 
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evolution. Plants receiving full nitrate nutrition had high spermidine 
concentration accompanied with low ethylene evolution. The results indicate 
that accumulation of putrescine may be a consequence of ammonium 
accumulation and that accumulation of spermidine or spermine possibly 
decrease ethylene evolution because they have the same synthetic precursor, S- 
adenosA 1 methionine (Smith. 1990). 
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TABLE 4.1. Fresh Weight, Ethylene Evolution, and Ammonium Accumulation 
as Affected by Form of Nitrogen Nutrition and by AOA and STS. 
Treatment 
Measurementt 
Fresh Shoot 
(g/pot) 
Ethylene 
(nl/g-hr) 
Ammonium 
(pg N/g) 
Heinz 1350 
N03 103 ± 7 2.5 ± 0.1 33 ± 1 
nh4 65 ± 4 32.1 ± 6.5 193 ± 7 
nh4+aoa 45 ± 2 5.6 ± 0.2 58 ± 10 
nh4+sts 54 ± 3 20.0 ± 3.2 127 ± 9 
neglecta-1 
no3 42 ± 3 4.0 ± 0.4 36 ± 7 
nh4 31 ± 1 18.3 ± 1.9 170 ± 13 
nh4+aoa 19 ± 2 5.9 ± 0.8 11 ±1 
nh4+sts 26 ± 2 17.3 ± 1.7 135 ± 4 
Results of analysis of variance, F test 
Genotype(G) ** NS NS 
Treatment(T) ** ** ** 
G x T ** * NS 
t Means followed by ± Standard Error. Ethylene evolution and ammonium 
accumulation are expressed on a fresh weight basis. 
NS, Nonsignificant; *, Significant at 5% level; **, Significant at 1% level. 
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TABLE 4.2. Concentration of Putrescine, Spermidine, and Spermine as Affected 
by Form of Nitrogen Nutrition and by AOA and STS. 
Treatment 
Measurementt 
Putrescine Spermidine 
(nmol/g dry wt) 
Spermine 
Heinz 1350 
no3 444 ± 96 1107 ± 185 302 ± 85 
nh4 1595 ± 273 824 ± 85 300 ± 51 
nh4+aoa 542 ± 155 848 ± 212 173 ± 85 
nh4+sts 1427 ± 477 736 ± 220 281 ± 85 
neglecta-1 
no3 394 ± 128 627 ± 61 237 ± 65 
nh4 636 ± 58 446 ± 81 168 ± 42 
nh4+aoa 292 ± 49 346 ± 104 73 ± 15 
nh4+sts 424 ± 55 285 ± 96 108 ± 30 
Results of analysis of variance, F test 
Genotype(G) ** ** * 
Treatment(T) ** * NS 
G x T NS NS NS 
t Means followed by ± Standard Error. 
NS, Nonsignificant; *, Significant at 5% level; **, Significant at 1% level. 
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V 4.3* INwlnnon. and Ammonium Accumulation 
Jt >* N»t~>cvci IVAciroo am'. a0\. 
Measurement* 
Vur*inwu» Fr*ssfc S*w< Ethylene Antmonium 
liyilK \Pl'£ivr} IM N/gl 
-aOa -aOa -aOa -aOa * AO a + AOA 
Hein: 1550 
>H, Tut 5* r 5 S3 s 03 203 ± 16 
NO, FaL 119 r 4 5.5 i 03 51 ± 3 
NO.-F r 4 54 r * 5.4 - 03 5.9 ± 02 72 ± 7 69 ± 7 
s*r: 5" r 2 53 s 0.7 42 i 03 70 ± 5 79 ± 5 
NG^-Ci k':5 <i±3 143 i 12 9.9 ± 0-5 165 ± 6 81 ± 6 
MVMs ft r5 46 ±3 12." i 0.4 52 ± 02 S3 ± 6 45 ± 1 
neglect*j-1 
NH. FmL 5* r 1 53 ± 0.4 202 ± 9 
NO. Til ■Til 4.4 ± 0.4 40 ± 1 
NO*-* 21 r 1 15 ± 2 93 ± 03 7.4 ± 0.6 72 ± 4 66 ± 6 
NO.-K r r 2 22 ± 1 63 ± 0.7 3.6 ± 0.1 88 ± 2 58 ± 5 
NO.-O 45 r 2 26 r 1 S3 ± 13 6.9 ± 03 89 ± 5 56 ± 4 
MVM* 51 r 2 25 ± 2 U
l 
• *4
 
If
 
0
 
V£>
 
63 ± 03 63 ± 17 54 ± 6 
Results of analysis of variance. F test 
GenocjpeG- ** NS ** 
TreataT ** ** ** 
G x T ** ** ** 
t Means followed by ± Standard Error. Ethylene evolution and ammonium 
accumulation are expressed on a fresh weight basis. 
NS, Nonsignificant; **, Significant at 1% level. 
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TABLE 4.4. Concentration of Putrescine, Spermidine, and Spermine as Affected 
by Nutrient Deficiency and AOA. 
Nutritional 
Measurement (nmol/g dry wt)+ 
Putrescine Spermidine Spermine 
-AOA +AOA -AOA +AOA -AOA +AOA 
Heinz 1350 
NH4 (Full) 1091 ± 194 829 ± 306 280 ± 89 
N03 (Full) 725 ± 221 1152 ± 286 222 ± 39 
N03-P 621 ± 137 457 ± 141 689 ± 215 522 ± 139 193 ± 61 199 ± 70 
NO3-K 1030 ± 174 637 ± 188 1118 ± 319 887 ± 243 226 ± 51 216 ± 85 
N03-Ca 547 ± 137 404 ± 121 629 ± 92 492 ± 65 115 ± 45 130 ± 55 
NOj-Mg 620 ± 71 279 ± 71 1155 ± 173 790 ± 176 365 ± 53 185 ± 53 
neglecta-1 
NH4 (Full) 1032 ± 219 567 ± 123 119 ± 36 
NO3 (Full) 412 ± 54 716 ± 119 168 ± 27 
NO3-P 414 ± 184 452 ± 162 513 ± 27 376 ± 53 175 ± 37 116 ± 16 
NO3-K 1053 ± 362 456 ± 72 528 ± 107 375 ± 60 81 ± 33 53 ± 14 
NOj-Ca 230 ± 37 275 ± 28 530 ± 80 500 ± 73 91 ± 37 87 ± 20 
N03-Mg 334 ± 115 394 ± 81 617 ± 84 369 ± 65 236 ± 86 123 ± 57 
Results of analysis of variance, F test 
Genotype(G) * ** ** 
Treat.(T) ** ** ** 
G x T NS NS NS 
t Means followed by ± Standard Error. 
NS, Nonsignificant; **, Significant at 1% level. 
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TaPLE 4.5. Ptntspboroos Concentration of 'Hein? 1550' Tomato l eaves as 
decree bv \atrien: rVfkiencv and AO A. 
Concentration of phosphorous (S- dry wt)t 
Tnratroen: Lower leaves Upper leaves 
-AOA +AOA -AOA +AOA 
NO. •.23 i 0.01 0.18 ± 0.01 0.63 ± 0.01 0.53 ± 0.03 
NO.-P •-11 ± 0.00 0.10 ± 0.01 0.18 ± 0.01 0.20 ± 0.02 
MVK 0.22 ± 0.01 0.21 ± 0.01 0.59 ± 0.01 0.53 ± 0.03 
MVCa 0.29 ± 0.02 0.21 ± 0.00 0.66 ± 0.05 0.53 ± 0.02 
NXVMg 0.22 ± 0.01 0.18 ± 0.01 0.62 ± 0.01 038 ± 0.04 
Results of analysis of variance. F test 
Inhibitor T ** ** 
Treatment T ** ** 
I x T ** 
~ Means followed by ± Standard Error. 
NS. Nonsignificant: *. Significant at 5^ level: **. Significant at 1% level. 
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TABLE 4.6. Potassium Concentration of ’Heinz 1350’ Tomato Leaves as 
Affected by Nutrient Deficiency and AOA. 
Treatment 
Concentration of potassium (% dry wt)t 
Lower leaves Upper leaves 
-AOA +AOA -AOA +AOA 
N03 2.71 ± 0.11 2.83 ± 0.13 3.46 ± 0.07 3.69 + 0.11 
N03-P 3.22 ± 0.16 3.26 ± 0.05 4.12 ± 0.08 3.77 + 0.09 
NO3-K 0.43 ± 0.02 0.75 ± 0.05 1.69 ± 0.09 1.94 + 0.05 
N03-Ca 2.34 ± 0.12 2.28 ± 0.11 3.42 ± 0.07 3.27 ± 0.07 
N03-Mg 2.87 ± 0.10 2.64 ± 0.17 4.11 ± 0.06 3.62 ± 0.17 
Results of analysis of variance, F test 
Inhibitor (I) NS NS 
Treatment (T) ** ** 
I x T NS ** 
t Means followed by ± Standard Error. 
NS, Nonsignificant; *, Significant at 5% level; **, Significant at 1% level. 
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TABLE 4.7. Calcium Concentration of ’Heinz 1350’ Tomato Leaves as Affected 
by Nutrient Deficiency and AOA. 
Concentration of calcium (% dry wt)f 
Treatment Lower leaves Upper leaves 
-AOA +AOA -AOA +AOA 
N03 5.28 ± 0.19 4.87 ± 0.11 1.14 ± 0.07 0.81 ± 0.05 
N03-P 4.11 ± 0.18 4.79 ± 0.24 0.90 ± 0.04 0.97 ± 0.12 
NO3-K 4.50 ± 0.04 4.28 ± 0.05 1.16 ± 0.05 1.06 ± 0.02 
N03-Ca 2.97 ± 0.10 3.15 ± 0.16 0.04 ± 0.01 0.13 ± 0.02 
N03-Mg 4.92 ± 0.40 4.38 ± 0.21 1.11 ± 0.05 1.05 ± 0.04 
Results of analysis of variance, F test 
Inhibitor (I) NS NS 
Treatment (T) ** ** 
I x T ** ** 
t Means followed by ± Standard Error. 
NS, Nonsignificant; *, Significant at 5% level; **, Significant at 1% level. 
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TABLE 4.8. Magnesium Concentration of ’Heinz 1350’ Tomato Leaves as 
Affected by Nutrient Deficiency and AOA. 
Treatment 
Concentration of magnesium (% dry wt)t 
Lower leaves Upper leaves 
-AOA +AOA -AOA +AOA 
N03 0.84 ± 0.03 0.76 ± 0.04 0.35 ± 0.01 0.34 ± 0.01 
N03-P 0.74 ± 0.05 0.77 ± 0.05 0.39 ± 0.01 0.34 ± 0.01 
NO3-K 0.82 ± 0.03 0.73 ± 0.02 0.38 ± 0.01 0.36 ± 0.01 
N03-Ca 0.99 ± 0.08 0.81 ± 0.07 0.66 ± 0.02 0.62 ± 0.01 
N03-Mg 0.30 ± 0.03 0.37 ± 0.03 0.09 ± 0.02 0.14 ± 0.01 
Results of analysis of variance, F test 
Inhibitor (I) ** NS 
Treatment (T) h K He* 
I x T He* ** 
t Means followed by ± Standard Error. 
NS, Nonsignificant; *, Significant at 5% level; **, Significant at 1% level. 
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FIGURE 4.1. Time Course for Fresh Weights of ’Heinz 1350’ Shoots as Affected 
by Form of Nitrogen Nutrition and by AOA and STS. 
40 
Days after Treating 
FIGURE 4.2. Time Course for Ethylene Evolution and Ammonium 
Accumulation by ’Heinz 1350’ as Affected by Form of Nitrogen Nutrition and 
by AOA and STS. (Ethylene evolution and ammonium accumulation are 
expressed on a fresh weight basis). 
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CHAPTER V 
ACID STRESS 
Abstract 
.Ammonium nutrition of plants in soil or solution culture leads to 
development of a strongly acidic regime in the medium. Foliar evolution of 
ethylene and accumulation ammonium are stimulated by ammonium nutrition. 
This stimulation may be due in part to the acidification of media by ammonium 
nutrition. To determine the effects of medium pH on ethylene evolution and 
ammonium accumulation by plants, tomato (Lycopersicon esculentum Mill. 
'Heinz 1350* and neglecta-1 > were grown with nitrate, ammonium, or urea 
nutrition and with various pH regimes in solution culture. Unbuffered 
ammonium nutrition decreased medium pH to 3S and increased ethylene 
evolution and ammonium accumulation by plants. Urea nutrition at pH 3.5 also 
increased ammonium accumulation and ethylene evolution by plants. Nitrate 
nutrition at pH 3.5 slightly increased ammonium accumulation but had no effect 
on ethylene evolution. Media supplied with different ratios of nitrate to 
ammonium relieved toxic effect of ammonium relative to 100% ammonium 
nutrition. Symptoms of ammonium toxicity were observ ed on the plants with 
high ethylene evolution. High ethylene evolution occurred on the plants with 
relative high ammonium accumulation regardless of nitrogen forms and pH 
regimes. The results indicate that toxic symptoms and increased ethylene 
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evolution are directly related to high ammonium accumulation and that low pH 
may cause ammonium accumulation in plants. 
Introduction 
If plants are supplied with ammonium nutrition, the acidity of the medium 
increases because the uptake of NH4-N results in the release of H+ (Mengel and 
Kirkby, 1982 p.308 ). In nonsterile media, oxidation of ammonium to nitrate is 
strongly acidifying (Mengel and Kirkby, 1982 p.342). Ammonium nutrition of 
tomato stimulated ethylene evolution which was accompanied by appearance of 
symptoms of ammonium toxicity (Barker and Corey, 1990; Maynard et al., 
1966; Corey et al., 1987). However, the symptoms of ammonium toxicity and 
high rate of ethylene evolution were prevented if the pH value of nutrient 
solution w as maintained around neutrality by addition of CaC03 (Maynard and 
Barker, 1969; Corey and Barker, 1989). Previous experiments indicated that 
ethylene evolution increased as ammonium accumulation by plants increased 
(Chapter IH). Plants receiving ammonium nutrition buffered with CaC03 had 
less ethylene evolution and ammonium accumulation than plants in unbuffered 
medium. 
The objectives of this study were to investigate the effects of medium pH on 
ethylene evolution and ammonium accumulation by tomato plants grown on 
different nitrogen sources and to observe the symptomatology of these plants. 
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Materials and Methods 
The seedling of tomato plants were prepared as described in Chapter in. 
Plants were grown in 45-liter tanks with water-culture methods (Hoagland and 
Arnon, 1950). A half-strength Hoagland’s No.l nutrient solution was supplied 
for 1 week before treatments started. 
Various pH Regimes 
In the first experiment, ammonium-based or nitrate-based modified 
Hoagland’s nutrient solution were used with or without amendments to adjust 
pH. For each nitrogen source, 30 g of calcium carbonate were added to buffer 
acidity of the medium. Also for each nitrogen source, 60 mL of 1 M HCI were 
added to lower pH to 3.0 for another tank. Leaf samples from the tip of the 
plants for all treatments were taken for ethylene and ammonium determination 
when plants treated with ammonium alone appeared with toxic symptoms. 
In the second experiment, only nitrate-based Hoagland’s nutrient solution 
was used with different pH regimes, (a) N03; No HCI added, (b) N03 + HC1(1); 
3 mL of 1 M HCI were added daily to maintain pH at 4.5. (c) N03 + HC1(2); 20 
mL of 1 M HCI were added to lower pH at 3.5 only on the First day. (d) N03 + 
HC1(3); 20 mL of 1 M HCI were added on the first day and then 5 mL of 1 M 
HCI were added daily to maintain pH at 3.5. Two weeks after treating, the tips 
of plants were taken for ethylene and ammonium determination. 
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Different Nitrogen Ratios 
Plants were grown with following ammonium:nitrate molar percent ratios: 
0:100. 20:80, 40:60, 60:40, 80:20, and 100:0. The solutions were based on 
Hoagland’s nutrient solution, and total nitrogen concentration for all treatments 
was 15 mM. Tip samples of ’Heinz 1350’ were taken for ethylene and 
ammonium analysis at 5, 7, 9, 11, 13, and 15 days following the beginning of the 
treatments. Samples of nutrient solution from tanks were taken for residual 
ammonium and nitrate determination on each of these days. Due to their small 
size, plants of neglecta-1 were sampled only once at two weeks after treating at 
which time plants receiving 100% ammonium nutrition appeared with toxic 
symptoms. 
Various Urea Regimes 
Plants were conducted with following regimes: (1) N03, (2) Urea, (3) Urea + 
CaCOj, (4) Urea + HQ (hydroquinone, a urease inhibitor), (5) Urea + NaOH, 
and (6) Urea + HCI. Nitrate or urea were supplied at 15 mM N according to 
Hoagland’s nutrient solution. Calcium carbonate was added at 30 grams per 45 
liters of solution. Hydroquinone was added at 450 mg per 45 liters of solution 
every 5 days. 1 M NaOH and 1 M HCI were used to maintain the medium pH 
at 6.5 and 3.5, respectively. When plants grown in the medium maintained at 
pH 35 appeared with severe toxicity symptoms at 16 days following the 
beginning of treatments, tip samples were taken for determination of ethylene 
evolution and ammonium accumulation, and two leaves below the tip were 
collected for analysis of potassium, calcium, and magnesium. 
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General Procedures 
All experiments were conducted in greenhouse conditions and arranged in a 
nested design with four observations. The nitrogen regime was the main factor, 
and genotype was the sub-nested factor. The pH values of the nutrient solution 
for all treatments were measured with a pH meter every day. .Analyses of 
mineral elements was described in Chapter V. The methods for ethylene and 
ammonium determination and for data processing were described in Chapter 
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Results 
Various pH Regimes 
Under the CaC03-buffered condition, medium pH values were around 6.5 
for nitrate or ammonium. Without buffering with CaCCU however. pH values 
drifted from 4.3 to 6.0 for nitrate solution and from 4.8 to 3.9 for ammonium 
solution (Figure 5.1). Plants buffered with CaC03 had no toxic symptoms even 
though supplied with ammonium nutrition. Symptoms of chlorosis, upward- 
cupping. and epinasty were observed on ’Heinz 1350* plants receiving 
ammonium nutrition alone, and neglecta-1 plants were chlorotic with upward- 
cupping of leaves. The plants in medium at pH 3.0 died at 4 days after treating, 
regardless of nitrogen source or genotype. Fresh weights of plants receiving 
ammonium alone were significantly lower than those of plants receiving nitrate 
or ammonium with buffering. 
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Ethylene evolution and aa«Miair accumulation by plants grown in 
unbuffered ammonium solution increased retame to that of plants recehing 
nitrate nutrition and boffered ammonium nutrition Table 5*1 
The pH of medium with nitrate nutrition alone drifted from 4.9 to 6.6. and 
the medium starting at pH 33 drifted from 33 to 63 if no further additions of 
HQ were made figure 52 . For plants grown with nitrate nutrition 
maintained at pH 3_5 by further additions of HCL the growth of shoots and 
roots was retarded for ’Heinz 13541’ and MgUcza-L Under the strongly add 
regime with nitrate nutrition, shoots had no chlorotic or epinasic symptoms, but 
roots were small and brown. Treatments with pH starting at 43 or 33 but 
drifting upward had no effect on growth of plants with nitrate nutrition. Fresh 
weights of shoots and roots were reduced by the medium maintained at pH 33 
relative to those of plants grown with nitrate at higher pH values. 
All HQ treatments with nitrate nutrition had no significant effect on 
ethylene evolution by plants. .Ammonium accumulation by plants grown in the 
medium maintained at pH 33 increased slightly compared with that of plant 
receiving nitrate nutrition alone Table 5.2). 
Different Nitrogen Ratios 
Plants receiving 1003c ammonium nutrition developed toxicity symptoms 
from 5 to 8 days following the beginning of the treatment and had short, brown 
roots at harvest. The other ratios of ammonium supplied did not differ 
significantly in their effects on growth of plants after 15 days of treatment even 
though 80 3£ ammonium and 20% nitrate was supplied in one treatment The 
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pH value of medium supplied with 100% ammonium nutrition drifted from 4.9 
to 33 after 8 days of treatment. The other ratios of ammonium supplied gave 
less depression in medium pH (Figure 53). Ethylene evolution and ammonium 
accumulation by 'Heinz 1350’ plants receiving 100% ammonium nutrition 
reached a maximum after 9 days of treatment. No significant changes in 
ethylene evolution and ammonium accumulation occurred with other treatments 
during the experiment period (Figure 5.4). Neglecta-1 with 100% ammonium 
nutrition had increased ethylene evolution and ammonium accumulation (Table 
53). 
The residual nitrogen in nutrient solution decreased slowly as plants grew 
(Figure 5.5). The ammonium and nitrate in the solution was consumed fastest 
at a ratio of 80% ammonium with 20% nitrate. 
Various Urea Regimes 
Plants grown with urea nutrition on the medium maintained at pH 3.5 were 
chlorotic at 7 days after treating and developed necrosis, epinastv, and upward- 
cupping leaves. Appearance of ’Heinz 1350’ on the other urea treatments was 
normal. The roots of plants receiving urea alone were brown and small. The 
plants treated with CaCO^ HQ, or NaOH had normal roots similar to those of 
plants receiving nitrate nutrition. The original roots of plants grown on the 
medium maintained at pH 3.5 with urea almost died, but there were a lot of 
aerial roots above the nutrition solution. The pH of media supplied with urea 
alone or urea with HQ drifted from 5.7 to 3.6 by 10 days after treating. The 
pH of other urea treatments remained stable (Figure 5.6). Fresh weights of 
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shoots and roots of plants treated with urea and HC1 were lower than those 
from other urea treatments. Ethylene evolution by plants treated with pH 3.5 
and urea nutrition was higher than that of other treatments. Plants receiving 
urea with or without HQ had higher ammonium accumulation than plant 
receiving urea with CaC03 or NaOH. Plants treated with urea and HC1 had the 
highest ammonium accumulation for both genotypes (Table 5.4). Treatments of 
urea plus CaC03 or NaOH increased Ca++ and Mg++ concentration in ’Heinz 
1350’ and neglecta-1 plants and K+ concentration was decreased by addition of 
HC1 (Table 5.5). The averages of ammonium nitrogen in nutrient solution were 
2.7, 8.3, 7.0, 6.0, 6.3, and 9.3 mg N/L for treatments of N03, Urea, Urea + 
CaC03, Urea + HQ, Urea + NaOH, and Urea + HC1, respectively. 
Discussion 
The effects of ammonium nutrition with or without addition of calcium 
carbonate on plant growth have been well documented (Barker et al., 1966 a 
and b; Maynard and Barker, 1969). When plants were grown on ammonium 
nutrition without calcium carbonate, the acidity of the medium became high, 
and ammonium, amides, and amino acids accumulated in the leaves. When 
ammonium nutrient solution was buffered with calcium carbonate, the acidity 
was around neutrality, and ammonium and amides accumulated in the roots. 
Accumulation of ammonium in the roots rather than in the shoots protected the 
shoots against its toxicity. 
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Maynard and Barker (1969) demonstrated that high acidity decreased 
utilization of ammonium and restricted growth of several vegetable crops. 
Buffering of medium acidity near neutrality enhanced ammonium assimilation 
in the nonchlorophyllous portion of the plants and restricted its accumulation in 
the plant shoots. 
In the present study, the fresh weights of shoots of plant grown on high 
acidity (below pH 4.0) were only about 50% of those plants grown on low 
acidity (pH>5), regardless of nitrogen forms. Ammonium accumulation by 
plants grown on ammonium, nitrate, or urea nutrition increased if medium 
acidity was high, and ethylene evolution was stimulated when ammonium 
accumulation was over 200 pg N/g. Ammonium accumulation by plants grown 
on nitrate nutrition with high acidity was only slightly increased, and ethylene 
evolution was not increased relative to plants grown at high pH. These results 
suggest that high ethylene evolution is directly related to high ammonium 
accumulation in the plants. 
When plants were grown on ammonium nutrition alone, the medium pH 
decreased sharply, and ethylene evolution and ammonium accumulation 
increased. However, supplying 20% of the N as nitrate relieved ammonium 
toxicity and decreased ethylene evolution and ammonium accumulation. 
The current study also shows that the levels of ammonium accumulation in 
plants grown on urea nutrition were related to concentration of potassium in the 
plants and the pH of the medium. When the medium pH was low, the plants 
had low potassium concentration and high ammonium accumulation. In the 
50 
nutrient solution, conversion of urea to ammonium was negligible. Murphy 
(1959) reported that under high acidity, plant cell membranes are impaired and 
become more permeable and that plant nutrients, especially K% diffuse out of 
root cells. In the present study, perhaps, absorption of K* was restricted and 
loss of K* was enhanced by elevation of acidity in the medium. A role of 
potassium has been demonstrated as being directly involved in protein synthesis, 
and degradation of protein occurs when potassium is deficient (Barker et al., 
1966a; Koch and Mengel, 1974; Schlessinger, 1964). When plants were grown 
on high acidity with ammonium nutrition, the increased ammonium 
accumulation by plant shoots came largely from internal nitrogen sources — 
degradation of protein (Barker et al., 1966b). Ammonium accumulation by 
plants grown on urea nutrition seems to be related to medium pH and 
potassium concentration; consequently, high acidity may cause a deficiency of 
potassium, degradation of proteins, and accumulation of ammonium. The 
resulting accumulation of ammonium stimulated ethylene evolution and 
development of toxic symptoms. 
Summarily, ammonium accumulation by plant may be enhanced by high 
acidity, which further initiates ethylene biosynthesis. However, ethylene 
evolution from plants grown in nitrate nutrition with high acidity was not 
increased. In that case, perhaps, ammonium accumulation was too low to have a 
stimulating effect on ethylene evolution. 
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TABLE 5.1. Fresh Weight of Shoots, Ethylene Evolution, and Ammonium 
Accumulation of Tomato Shoots as Affected by Various Nutritional Regimes. 
Treatment 
Measurementt 
Fresh Shoot 
(g/pot) 
Ethylene 
(nl/g/hr) 
Ammonium 
(pg N/g) 
Heinz 1350 
no3 61a 7.0b 56c 
N03+CaC03 60a 6.6b 43c 
no3+hci — mmm — 
nh4 31b 18.1a 315a 
NH4+CaC03 50a 7.1b 185b 
NH4+HC1 — — — 
neglecta-1 
no3 19ab 8.9b 45c 
N03+CaC03 22a 8.8b 38c 
no3+hci MM — mmtm 
nh4 12b 13.7a 316a 
NH4+CaC03 16ab 7.4b 171b 
NH4+HC1 --- — — 
Results of analysis of variance, F test 
Treatment (T) ** ** ** 
Genotype : T ** ** NS 
t Means followed by different letter within columns under genotypes are 
significantly different (5% level) by Duncan’s multiple range test. Ethylene 
evolution and ammonium accumulation are expressed on a fresh weight basis. 
NS, Nonsignificant; *, Significant at 5% level; **, Significant at 1% level. 
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TABLE 5.2. Fresh Weight of Shoots and Roots, Ethylene Evolution, and 
Ammonium Accumulation of Tomato Shoots as Affected by Various pH Regimes 
with Nitrate Nutrition. 
Treatment 
Measurementt 
Fresh Shoot 
(g/pot) 
Fresh Root 
(g/pot) 
Ethylene 
(nl/g/hr) 
Ammonium 
(Mg N/g) 
Heinz 1350 
N03 133a 28a 5.7a 51ab 
no3+hci(1)$ 124a 28a 5.9a 54ab 
no3+hci(2) 118a 28a 6.2a 46b 
N03+HC1(3) 69b 17b 5.6a 62a 
neglecta-1 
no3 42a 8ab 5.8a 46c 
no3+hci(1) 41a 8ab 5.3a 62b 
no3+hci(2) 41a 9a 5.6a 49c 
no3+hci(3) 18b 6b 5.0a 78a 
Results of analysis of variance, F test 
Treatment (T) ** ** NS ** 
Genotype : T ** ** NS * 
t Means followed by different letter within columns under genotypes are 
significantly different (5% level) by Duncan’s multiple range test. Ethylene 
evolution and ammonium accumulation are expressed on a fresh weight basis. 
NS, Nonsignificant; *, Significant at 5% level; **, Significant at 1% level. 
$ HC1(1), medium maintained at pH 4.5; HC1(2), medium starting at pH 3.5 
and then drifted upward; HC1(3), medium maintained at pH 3.5. 
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TABLE 5.3. Fresh Weight of Shoots and Roots, Ethylene Evolution, and 
Ammonium Accumulation of Tomato Shoots of neglecta-1 as Affected by 
Different Nitrogen Ratios. 
NH4:N03 
Measurementt 
Fresh Shoot 
(g/pot) 
Fresh Root 
(g/pot) 
Ethylene 
(nl/g-hr) 
Ammonium 
(Mg N/g) 
0:100 37a 9a 5.5b 35b 
20:80 44a 11a 6.0b 43b 
40:60 44a 11a 5.0b 46b 
60:40 45a 11a 4.8b 53b 
80:20 44a 8a 4.1b 74b 
100:0 24a 6a 15.5a 372a 
Results of analysis of variance, F test 
Treatment(T) NS NS ** ** 
t Means followed by different letter within columns under genotypes are 
significantly different (5% level) by Duncan’s multiple range test. Ethylene 
evolution and ammonium accumulation are expressed on a fresh weight basis. 
NS, Nonsignificant; *, Significant at 5% level; **, Significant at 1% level. 
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TABLE 5.4. Fresh Weight of Shoots and Roots, Ethylene Evolution, and 
Ammonium Accumulation of Tomato Shoots as Affected by Various Urea 
Regimes. 
Treatment 
Measurementt 
Fresh Shoot 
(g/pot) 
Fresh Root 
(g/pot) 
Ethylene 
(nl/g-hr) 
Ammonium 
(Og N/g) 
Heinz 1350 
no3 253a 70a 3.3b 39d 
Urea 107b 38b 3.1b 177b 
Urea+CaC03 128b 69a 2.7b 114c 
Urea+HQ 106b 38b 3.0b 169b 
Urea+NaOH 120b 67a 2.3b 77cd 
Urea+HCl 40d 18c 12.8a 296a 
neglecta-1 
N03 51a 11a 5.1b 38e 
Urea 37ab 8a 3.8b 161c 
Urea+CaC03 32ab 13a 3.8b 102d 
Urea+HQ 33ab 11a 3.9b 205b 
Urea+NaOH 36ab 14a 3.9b 76e 
Urea+HCl 25b 9a 7.2a 299a 
Results of analysis of variance, F test 
Treatment (T) ** ** ** ** 
G within T ** ** ** NS 
t Means followed by different letter within columns under genotypes are 
significantly different (5% level) by Duncan’s multiple range test Ethylene 
evolution and ammonium accumulation are expressed on a fresh weight basis. 
NS, Nonsignificant; *, Significant at 5% level; **, Significant at 1% level. 
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TABLE 5.5. Concentration of Potassium, Calcium, and Magnesium of Tomato 
Shoots as Affected by Various Urea Regimes. 
Treatment 
Measurementt 
Potassium Calcium 
(% dry wt) 
Magnesium 
Heinz 1350 
N03 4.85a 2.98a 0.56a 
Urea 3.31b 1.43bc 0.26b 
Urea+CaC03 2.45c 3.08a 0.54a 
Urea+HQ 3.28b 1.29c 0.24b 
Urea+NaOH 2.99bc 3.21a 0.58a 
Urea+HCl 1.75d 1.83b 0.25b 
neglecta-1 
no3 3.94a 3.29a 0.49a 
Urea 2.33b 1.85b 0.25c 
Urea+CaC03 2.38b 3.17a 0.41b 
Urea+HQ 2.63b 1.71b 0.28c 
Urea+NaOH 2.68b 2.97a 0.41b 
Urea+HCl 1.26c 1.97b 0.27c 
Results of analysis of variance, F test 
Treatment(T) ** ** ** 
G within T ** NS ** 
t Means followed by different letter within columns under genotypes are 
significantly different (5% level) by Duncan’s multiple range test. 
NS, Nonsignificant; *, Significant at 5% level; **, Significant at 1% level. 
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FIGURE 5.1. Time Course of pH as Affected by Various Nutritional Regimes. 
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Time (days) 
FIGURE 5.2. Time Course of pH as Affected by Various pH Regimes with 
Nitrate Nutrition. (HCllp medium maintained at pH 4.5; HCl^,. medium 
starting at pH 3.5 and then drifted upward; HCI^,, medium maintained at pH 
3.5). 
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FIGURE 53. Time Course of pH as Affected by Various Molar Ratios of 
Nitrogen Sources. 
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Day after Treating 
FIGURE 5.4. Time Course of Ethylene Evolution and Ammonium Accumulation 
by ’Heinz 1350’ as Affected by Various Molar Ratios of Nitrogen Sources. 
(Ethylene evolution and ammonium accumulation are expressed on a fresh 
weight basis). 
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FIGURE 5.5. Time Course of Residual Nitrogen in the Nutrient Solution as 
Affected by Various Molar Ratios of Nitrogen Sources. 
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FIGURE 5.6. Time Course of pH as Affected by Various Urea Regimes. 
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CHAPTER VI 
WATER STRESS 
Abstract 
Foliar wilting, epinasty, abscission, chlorosis, and necrosis are common 
symptoms in plants that are stressed by drought or flooding. Ethylene evolution 
and ammonium accumulation are physiological phenomena that accompany the 
expression of the symptoms of stresses of various origins. These symptoms and 
physiological phenomena have been associated with other environmental 
stresses, such as ammonium toxicity. Intact tomato plants (Lycopersicon 
esculentum Mill.) and excised wheat leaves (Triticum aestivum L.) were subjected 
to stresses of waterlogging or water-deficit conditions. In soil culture in the 
greenhouse, tomato plants subjected to waterlogging developed epinasty and 
chlorosis and had increased ethylene evolution and ammonium accumulation 
regardless of form of nitrogen supplied. The application of aminooxyacetic acid 
(AOA) ameliorated the symptoms and reduced ethylene and ammonium 
accumulation. Tomato subjected to drought developed chlorosis and had 
enhanced ammonium accumulation, but no increased ethylene evolution was 
observed. Waterlogging decreased concentration of spermidine and spermine 
and had no significant effect on putrescine concentration. In water culture, 
’Heinz 1350’ tomato plants treated with polyethyleneglycol (PEG) to induce 
water-deficit also had no increased ethylene evolution. However, ethylene 
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evolution from excised wheat leaves treated with water-deficit stress by wilting 
remarkably increased. The results suggested that ammonium accumulation is 
involved with ethylene synthesis and development of water stress-induced 
symptoms for tomato plants. 
Introduction 
Water stress of plants, including waterlogging and water-deficit, stimulates 
ethylene production, which is accompanied by visual symptoms of foliar 
epinasty, abscission, chlorosis, and necrosis (Apelbaum and Yang, 1981; 
Bradford and dilly, 1978; Graves and Gladon, 1985; Jackson and Campbell, 
1976: Neill et ak, 1986). Those symptoms are somewhat like those of 
ammonium toxicity (Maynard et al., 1966; Puritch and Barker, 1967). Lovatt 
(1990) reported that water-deficit stress increased leaf NH3-NH4 content of 
Citrus limon. and Nilson and Muller (1981) reported that ammonium 
concentration in the roots of Lotus scoparius was stimulated by water-deficit 
stress. Previous studies reported in this dissertation indicate that the plants 
with elevated ethylene production had high ammonium accumulation and 
suggested that the enhanced ethylene evolution is a consequence of accumulated 
ammonium by stressed plants. 
The objectives of this study were to observe symptoms of water-stressed 
plants, to determine their ethylene production in relation to ammonium and 
polyamine accumulation, and to investigate the effects of an inhibitor of ethylene 
synthesis on these events. 
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Materials and Methods 
Seedlings of tomato plants were prepared as described in the Chapter HI. 
Wheat seeds of the cultivar Newana were soaked for 2 hours in water and sown 
in peat-vermiculite mix. Seedlings of wheat were grown in greenhouse for 10 
days until the primary leaves were about 15 cm long. 
Drought and Flooding 
’Heinz 1350’ and neglecta-1 were transplanted into the soil medium as 
described in the first experiment of Chapter HI. Two nitrogen sources, KN03 
and (NH4)2S04, were applied with three water regimes (normal, drought, and 
flooding). Three days after transplanting, nitrogen fertilizers were applied in 
solution for 3 times with an interval of 5 days between applications to reach 300 
mg N/kg of medium. The plants grown in the normal condition were irrigated 
regularly. The drought treatment began 3 days after the last fertilization by 
limiting the amount of water supplied to the plants. The plants were given 30 to 
50 ml of water to avoid permanent wilting. The pots of water-flooded plants 
were sheathed within larger containers, and water was kept at about 2 cm above 
the soil surface. The plants were placed in rubber-stopped glass bell jars for 
ethylene measurement after one week for drought-stress and two days for 
flooding-stress. After ethylene determination, the shoot tips including one fully 
expanded leaf were collected for ammonium analysis. The water content in the 
media at harvest with normal and drought treatment was measured 
gravimetrically. 
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Drought with Polyethylene Glycol (PEG) 
’Heinz 1350’ plants were grown with aquaculture in half-strength 
Hoagland’s No.l solution for one week. After receiving full-strength nitrate- 
based or ammonium-based solution for two days, the plants were treated with 
nutrient solution containing 0, 173, or 240 g of polyethylene glycol 20000 (PEG) 
per kg of solution. These treatments provided osmotic potentials of 0, -5, or -10 
bars as predicted by the equation from Steuter (1981). Plant samples were 
taken for ethylene measurement at 3, 24, and 48 hours after PEG treatments 
were imposed. 
Time Course with Flooding 
’Heinz 1350’ plants were transplanted into soil medium as described in the 
experiment with drought and flooding. AH pots received 100 ml of half-strength 
Hoagland’s No.l solution daily for one week, and then the plants received equal 
amounts of full-strength nitrate-based or ammonium-based solution for another 
week before the plants applying the flooding treatment as described in the first 
experiment. The shoot tip samples were taken for ethylene and ammonium 
determination at 1, 2, 3, and 4 days after flooding. No additional nutrition was 
supplied to the plants during the time that they were in the flooded regime. 
Inhibitor and Flooding 
’Heinz 1350’ and neglecta-1 were transplanted into sand medium. Following 
nutrition with 100 ml of half-strength Hoagland’s No.l solution per day for one 
week, the plants received the same amount and frequency of full-strength 
nitrate-based, ammonium-based, or ammonium-based with 0.05 mM 
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aminooxyacetic acid (AOA) solutions for 10 days. Then, half of the pots for 
each treatment were flooded as described in the first experiment. Two days 
later, about 2 g of leaflets were taken for polyamine analysis, and tip samples 
were taken for ethylene and ammonium determination. 
Wilting Stress with Excised Wheat Seedling 
Time Course of Wilting Stress. The technique used for water deficit in 
wheat was described by Wright (1977). Primary wheat leaves (about 15 cm in 
length) were excised above the coleoptile and trimmed to 12 cm. Batches of 
excised leaves (1.5 g) were spread on a paper towel at room temperature for 0, 
15, 30, or 45 minutes, and wilting weights were measured to calculate 
percentage fresh weight loss to express degree of water stress. Then, leaves 
were inserted into 32-ml glass test tubes (18 x 130 mm) with serum caps. A 
control group of unstressed leaves was inserted in tubes containing 5 drops of 
water to maintain high relative humidity. The sealed tubes were placed under 
lights at room temperature. Gas samples (2 ml) were taken from each tube for 
ethylene determination at 1, 2, 4, 6, and 8 hours after leaves were inserted. The 
tubes were opened and were flushed with clear air following the taking of gas 
samples. 
Wilting Stress and Inhibitors. Excised wheat leaves were placed in small 
beakers (50-ml) with cut surfaces dipped in following aqueous solutions: H20, 
0.1 mM AOA, and 0.1 mM silver thiosulfate (STS). The beakers were placed 
under lights at room temperature for 2 hours. The leaves then were subjected 
to water-deficit stress for 20 minutes as described in the preceding experiment. 
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Ethylene was measured 2 hours after leaves were sealed into test tubes. 
General Procedures 
The experiments with tomato plants were conducted under greenhouse 
conditions. The experimental design, methods for ethylene and ammonium 
measurement, and data processing were described in Chapter in. The 
procedure for polyamine analysis was described in Chapter V. All treatments 
for experiments with wheat seedling had four replications. 
Results 
Drought and Flooding 
The plants that received regular irrigation grew normally regardless of 
nitrogen source. All lower leaves of plants under drought were chlorotic for all 
nitrogen sources. The lower leaves of flooded plants also were yellow, but only 
’Heinz 1350’ plants treated with ammonium fertilizer were epinastic. The 
average water content (on air-dry, weight basis) of the media was 25% for 
normal irrigation and 6% for drought treatment. 
Fresh weight of ’Heinz 1350’ with drought or flooding stress decreased 
relative to normal water condition, but only drought had an effect on fresh 
weight of neglecta-1 (Table 6.1). Plants under flooding stress had high ethylene 
evolution, but drought had no significant effect on ethylene evoluton. However, 
ammonium accumulation by plants treated with drought or flooding was high 
compared to that with normal irrigation. Nitrogen source had no significant 
effect on the fresh weight or ethylene evolution of ’Heinz 1350’ or neglecta-1. 
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Aomdomub JKXTinmtitKXx vn> increased by drxxight or by flooding. with 
iBffloaitm nutrition and fkxximg having the most cousistemh significant 
effects 
Pr>:i~hi with Pohethvkne Ghcol PEG 
’Heinz 1350' plants treated with PEG 2#000 wilted slightly with l'5 £ 
PEG kg water <-5 bars and seriotsly with 240 £ kg (-10 banO within 30 minutes 
after treating. The wilted plants recovered turbidity after 3 hours and 
overnight, respectively. Ethylene evolution by plants receiving ammonium 
without PEG nutrient solution was higher than that of nitrate without PEG 
Figure 6J. . The PEG seemed to decrease ethylene evolution from the plants 
treated with ammonium-based nutrition. 
Time Course with Flooding 
’Heinz 1350* started wilting after 2 days with ammonium treatment and 
after 3 days with nitrate treatment following flooding. The plants treated with 
ammonium were epinastic. chlorotic, and necrotic. Epinasty (but not chlorisis 
or necrosis was observed on plants receiving nitrate with flooding. Four days 
after flooding, all plants were permanently wilted, and all died at 5 days 
following treating. 
Ethylene evolution by ’Heinz 1350* plants receiving ammonium or nitrate 
was maximum at 2 days of flooding (Figure 6.2). The plants treated w ith 
ammonium evolved much higher ethylene than those with the nitrate treatment. 
Ammonium accumulation by plants increased as flooding time increased. 
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Inhibitor and Flooding 
’Heinz 1350’ plants receiving ammonium with or without flooding were 
chlorotic and epinastic. The plants treated with ammonium and AOA had no 
apparent ammonium toxicity symptoms, but were slightly chlorotic after they 
were flooded. Plants of neglecta-1 grew normally except for plants treated with 
ammonium. AOA, and flooding, which appeared necrotic on lower leaves. 
Compared with plants receiving nitrate treatment fresh weights of ’Heinz 
1350’ receiving ammonium with or without AOA were lower (Table 6.2). For 
neglecta-1, fresh weight were decreased only by AOA application with 
ammonium nutrition. Ethylene evolution by tomato plants treated with 
ammonium was high, and the application of AOA decreased ethylene evolution. 
However, flooding increased ethylene evolution by plants receiving ammonium 
with or without AOA relative to plants treated with normal water condition. 
Ammonium accumulation by ’Heinz 1350’ followed the same trend as 
ethylene evolution. Neglecta-1 plants receiving ammonium nutrition 
accumulated a high amount of ammonium regardless of application of AOA. 
Putrescine concentration was higher than spermidine for plants receiving 
ammonium nutrition, and plants receiving nitrate nutrition accumulated more 
spermidine than putrescine (Table 6.3). AOA decreased putrescine 
accumulation by plants grown on ammonium nutrition. Flooding had no 
significant effect on polyamine accumulation by tomato plants receiving 
ammonium nutrition, but decreased spermidine and spermine in plants receiving 
nitrate nutrition. 
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Wilting Stress with Excised Wheat Seedling 
Time Course of Wilting Stress. The percentage fresh weight loss of excised 
wheat leaves was 12, 17, and 21% after wilting for 15, 30, and 45 minutes, 
respectively. The rates of ethylene evolution by excised wheat leaves treated 
with water-deficit stress reached a maximum at 2 hours after treating and then 
decreased gradually (Figure 6.3). The leaves wilted for 15 minutes had higher 
ethylene evolution than leaves wilted 30 or 45 minutes. 
Wilting Stress and Inhibitors. The application of AOA decreased ethylene 
evolution, and STS sharply increased ethylene evolution by excised wheat leaves 
treated with water-deficit stress at 2 and 4 hours after treating (Figure 6.4). 
Discussion 
Many reports have shown that water stress has an influence on the 
metabolism of soluble nitrogenous compounds in many plant species. The most 
frequently detected soluble nitrogen fraction was proline, which accumulated in 
response to water-deficit stress on intact plants or excised leaves (Singh et al., 
1973; Waldren et al., 1974; Stewart et al., 1966). Other nitrogenous compounds, 
such as asparagine and glutamine, also accumulated in plants stressed with low 
water potential (McMichael and Elmore, 1977; Singh et al. 1973). A few reports 
show that water stress stimulated ammonium accumulation by plants (Lovatt, 
1990; Nilson and Muller, 1981). However, they did not investigate the 
relationship ethylene evolution and ammonium accumulation. 
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The results of the present study indicate that the tomato plants stressed with 
waterlogging had enhanced ethylene evolution that was accompanied with high 
ammonium accumulation regardless of form of nitrogen nutrition. If AOA, an 
inhibitor of ethylene synthesis, was applied, ethylene evolution and ammonium 
accumulation were suppressed, and the toxic symptoms were relieved. These 
results suggested that the toxic appearance and high ethylene evolution and 
ammonium accumulation are concomitant processes in waterlogged plants. 
For water-deficit stress, results from intact tomato plant and excised wheat 
leaves differed. Ethylene evolution by drought-stressed tomato was not 
significantly enhanced regardless of nitrogen form, but ammonium accumulation 
by these plant increased. Ethylene evolution from tomato grown with or 
without PEG was not significantly different with nitrate nutrition, but ethylene 
evolution from plants receiving PEG and ammonium nutrition seemed to 
decrease. Excised wheat leaves treated with water-deficit stress showed 
tremendously increased rates of ethylene evolution. Two explanations may 
account for these different results. First, the leaf structures, especially stomatal 
structures of dicotyledonous and monocotyledonous plants are different. The 
water-deficit stress may have limited ethylene evolution through stomatal closure 
with tomato leaves. Second, the damage caused by loss of water from excised 
wheat leaves with the stress being of relatively short duration may be different 
from the water-deficit stress imposed on an intact tomato plants growing in a 
gradually drying soil. Morgan et al. (1990) determined that ethylene evolution 
from intact plants of beans, cotton, and miniature rose treated with drought or 
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PEG solution had no significant promotion of ethylene production. In contrast, 
the ethylene production from detached leaves of beans and cotton was increased 
by a bench drying treatment. 
Flores and Gaston (1982b) reported that osmotic stress increased putrescine 
and decreased spermidine and spermine in oat leaves. In the present study, 
waterlogging decreased spermidine and spermine and increased ethylene 
evolution in plants supplied with nitrate nutrition, but had no effects on 
polyamines of plants receiving ammonium nutrition. As mentioned in Chapter 
IV, accumulation of putrescine had no effects on ethylene production, but 
accumulation of spermidine and spermine accompanied decreased ethylene 
production possibly because of a common biochemical precursor, S- 
adenosylmethionine (SAM), for these polyamines and ethylene. 
73 
TABLE 6.1. Fresh Weight, Ethylene Evolution, and Ammonium Accumulation 
of Tomato Shoots as Affected by Water Stress and N Form. 
Treatment Measurementt 
Nitrogen Water 
Fresh Shoot Ethylene Ammonium 
(g/pot) (nl/g-hr) (Mg N/g) 
Heinz 1350 
nh4 Normal 92a 8.2b 102b 
Drought 59c 8.4b 162a 
Flooding 77b 20.8a 208a 
no3 Normal 99a 7.5b 81b 
Drought 75c 8.5b 119ab 
Flooding 89b 26.7a 157a 
neglecta-1 
nh4 Normal 52a 6.5a 141b 
Drought 34b 9.8a 171ab 
Flooding 49a 8.8a 207a 
no3 Normal 35a 5.1b 91b 
Drought 19b 9.6a 165a 
Flooding 38a 6.4ab 109b 
Results of analysis of variance, F test 
Water (W) ** ** ** 
Nitrogen(N) NS NS ** 
Genotype(G) ** ** NS 
W x N NS NS NS 
N x G ** NS NS 
W x G ** ** * 
W x N x G NS NS NS 
t Means followed by different letters in columns within nitrogen and 
genotypes are significantly different (5% level) by Duncan’s multiple range test. 
Ethylene evolution and ammonium accumulation are expressed on a fresh 
weight basis. 
NS, Nonsignificant; *, Significant at 5% level; **, Significant at 1% level. 
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TABLE 6.2. Fresh Weight, Ethylene Evolution, and Ammonium Accumulation 
of Tomato Shoots as Affected by Flooding Stress and AOA. 
Treatment Measurement! 
Water Nutrition 
Fresh Shoot 
(g/pot) 
Ethylene 
(nl/g hr) 
Ammonium 
(pg N/g) 
Heinz 1350 
Normal NO, 157a 3.7b 44b 
nh4 103b 12.7a 161a 
nh4+aoa 79c 5.1b 71b 
Flooding no3 157a 8.6b 48c 
nh4 104b 56.6a 241a 
nh4+aoa 88c 9.5b 99b 
neglecta-1 
Normal no3 49a 4.6a 49b 
nh4 49a 9.4a 192a 
nh4+aoa 33b 4.3a 162a 
Flooding no3 48a 6.5b 51b 
nh4 53a 16.5a 251a 
nh4+aoa 32b 8.7b 221a 
Results of analysis of variance, F test 
Water(W) NS ** ** 
Nutrition(N) ** ** ** 
Genotype(G) ** ** ** 
W x N NS ** ** 
N x G ** ** ** 
W x G NS ** NS 
W x N x G NS ** NS 
t Mean followed by different letters in columns within water and genotypes 
are significantly different (5% level) by Duncan’s multiple range test. Ethylene 
evolution and ammonium accumulation are expressed on a fresh weight basis. 
NS, Nonsignificant; *, Significant at 5% level; **, Significant at 1% level. 
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TABLE 6.3. Putrescine, Spermidine, and Spermine of Tomato Shoots as 
Affected by Flooding Stress and AOA. 
Treatment Measurement! 
Water Nutrition 
Putrescine Spermidine 
(nmol/g dry wt) 
Spermine 
Heinz 1350 
Normal no3 943 ± 201 1461 ± 497 345 ± 66 
nh4 1720 ± 415 1074 ± 136 323 ± 121 
nh4+aoa 1114 ± 200 959 ± 224 88 ± 22 
Flooding no3 995 ± 232 912 ± 119 139 ± 23 
nh4 1457 ± 221 822 ± 198 216 ± 67 
nh4+aoa 1130 ± 276 1299 ± 311 175 ± 62 
neglecta-1 
Normal no3 830 ± 266 982 ± 300 258 ± 48 
nh4 1468 ± 344 715 ± 196 108 ± 43 
nh4+aoa 1182 ± 480 763 ± 302 111 ± 44 
Flooding no3 978 ± 339 538 ± 116 181 ± 75 
nh4 1385 ± 480 408 ± 197 99 ± 26 
nh4+aoa 820 ± 31 483 ± 34 80 ± 25 
Results of analysis of variance, F test 
Water (W) NS NS NS 
Nutrition(N) * NS * 
Genotype(G) NS ** * 
W x N NS NS NS 
N x G NS NS NS 
W x G NS NS NS 
W x N x G NS NS NS 
t Means followed by ± Standard Error. 
NS, Nonsignificant; *, Significant at 5% level; **, Significant at 1% level. 
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FIGURE 6.1. Ethylene Evolution by ’Heinz 1350’ Shoots as Affected by PEG 
Treatment. (Ethylene evolution is expressed on a fresh weight basis). 
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FIGURE 6.2. Ethylene Evolution and Ammonium Accumulation by 'Heinz 1350’ 
Shoots as Affected by Flooding Time. (Ethylene evolution and ammonium 
accumulation are expressed on a fresh weight basis). 
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CHAPTER VH 
SALT STRESS 
Abstract 
The symptoms of plants stressed by salt or osmotic injury are similar to 
those of plants injured by other environmental stresses. Ammonium 
accumulation and ethylene evolution are frequent responses of plants to a 
multitude of environmental stresses. Perhaps these phenomena are responses 
that lead to the similarity of symptoms of injury from environmental stress. 
The relationship of ammonium accumulation and ethylene evolution to the 
development of symptoms of salt stress was investigated with intact tomato 
plants (Lycopersicon esculentum Mill. ’Heinz 1350’ and neglecta-1). Plants were 
treated with 1 M NaCI or CaCl2 combined with nitrogen sources or water stress 
for soil culture. Excised tomato seedlings were treated with different 
concentrations of NaCI or CaCl2 and with AOA or STS. Toxic symptoms were 
observed for plants receiving NaCI or CaCI2. Ammonium or water stress 
aggravated the development of toxic symptoms in soil culture. Ammonium 
accumulation and ethylene evolution were enhanced with intact plants or excised 
seedlings under these stresses. Application of AOA to excised seedlings 
suppressed the enhancement. ’Heinz 1350’ receiving CaCl2 accumulated more 
Ca++ and had higher ethylene evolution than those receiving NaCI or the 
neglecta-1 receiving CaCl2. Neglecta-1 accumulated more Na+ with the NaCI 
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treatment and had higher ethylene evolution than ’Heinz 1350’. The results 
supported the hypothesis that environmental stresses may stimulate ammonium 
accumulation which in turn initiates ethylene evolution and development of 
stress induced symptoms. 
Introduction 
Foliage and fruits of salt-stressed plants often have high rates of ethylene 
evolution (Khan et al., 1987; Mizrahi and Arad, 1984). Ammonium 
accumulation has been detected in leaves of salt-sensitive plants subjected to 
saline stress (Lazcano-Freeat and Lovatt, 1988; Lovatt, 1990). High 
concentration of inorganic salts in the growing medium usually retards the 
growth of plants, decreases leaf chlorophyll, and stimulates abscission (Bernstein 
et al., 1974; Cruz and Cuartero, 1990; Mozafar and Goodin, 1986; Khan et al., 
1987). Previous studies (Chapter HI, IV, V, and VI) showed that enhanced 
ammonium accumulation and ethylene evolution by plants under environmental 
stresses may be interrelated events. It was proposed that environmental stresses 
may stimulate ammonium accumulation which initiates ethylene evolution and 
subsequent development of stress-induced symptoms. 
The objectives of this study were to observe ammonium accumulation and 
ethylene evolution in relation to salt-induced symptoms and to assess the 
hypothesis that ammonioum accumulation and ethylene evolution are causative 
elements in the expression of environmental stress. 
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Materials and Methods 
The seedlings of tomato plants (’Heinz 1350’ and neglecta-1) were prepared 
as described in the Chapter in. 
Salt Stress and Nitrogen Source 
Tomato were transplanted into soil-based medium as described in the first 
experiment of Chapter IQ. The plants received 100 ml solution of 0.02 M 
(NH4)2S04 + 0.04 M KCI or 0.04 M KN03 daily per pot following the day after 
transplanting. Three weeks later, two-thirds of pots were supplied with 10 ml of 
1 M NaCl or CaCl2 daily for one week. The other third was continued on the 
treatments with the two sources of nitrogen. Plant tips, including the first fully 
expanded leaf, were taken for ethylene and ammonium analyses at 3 days after 
application of salt. Samples of media were collected for conductivity 
determination at harvest of the plants, 10 days after initiation of the salinity 
treatments. 
Salt and Water Stress 
The medium for growing of tomato plants was the same as that described 
above. All pots were received 100 ml of Hoagland’s No. 1 solution daily. A 30 
ml/pot application of 1 M NaCl was given to half of the pots every other day for 
three times, beginning at 3 weeks following transplanting. After NaCl was 
supplied, the pots were treated with normal watering, drought, or flooding 
conditions as described in the first experiment of Chapter VI. The tips of plants 
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were taken for ethylene and ammonium determination following period of 
induction of water stress. 
Stress with Excised Tomato Plants 
The excised tomato plants used in the following experiments were fertilized 
with 20 N-10 P2O5-10 K20 once during their growth and were cut at about the 
eight-leaf stage. 
Different Salt Concentration. Upper portions (about 10 g) of the excised 
plants were inserted into test tubes (50 ml) with cut surface of the stems in 30 
ml of the following solutions of NaCl or CaCl2 (0, 0.05, 0.10, 0.20, 0.40, 0.60, 
0.80, and 1.00 M). The test tubes were placed under lights at room temperature 
(about 25 °C) for one hour. Then, the plants were removed from the test tubes, 
the parts of stems in contact with salt solution were cut off, and the plants were 
put in water for 30 minutes to recover from wilting that occurred on some 
plants during their exposure to the salinity. Ethylene evolution was measured at 
2 hours after plants were sealed into 500-mi (pint) canning jars. 
Absorption of Ca and Na. The technique used for imparting salt stress to 
excised tomato seedlings was the same as described above. The plants were 
treated with H20, 0.5 M NaCl, or 0.5 M CaCl2. After measurement of ethylene, 
the plants were saved for Na and Ca analysis. 
Effect of Inhibitors. Excised tomato seedlings were treated with 0.5 M NaCl 
or 0.5 M CaCI2 with 0.1 mM aminooxyacetic acid (AOA) or 0.1 mM silver 
thiosulfate (STS), and ethylene evolution and ammonium accumulation were 
measured. 
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General Procedures 
The first and second experiments were conducted in a greenhouse in Fall 
1989, and the others were conducted from Spring to Summer 1990. The 
conductivity of medium was measured with extract of soil-water ratio at 1:5 
(w:v) (Richards, 1969). Analysis for Na and Ca in tissue was described in 
Chapter IV. The experimental design, methods for ethylene and ammonium 
measurement, and data processing were described in Chapter IH. 
Results 
Salt Stress and Nitrogen Source 
The lower leaves of ’Heinz 1350’ receiving ammonium nutrition with NaCl 
or CaCI2 were necrotic; middle leaves were chlorotic, and upper leaves were 
normal. The plants receiving nitrate nutrition with salt had chlorotic lower 
leaves but normal middle and upper leaves. For neglecta-1, necrotic leaves 
occurred at lower position on plants receiving ammonium with NaCl or CaCl2, 
and chlorosis appeared on the lower leaves of plants receiving nitrate with salt. 
Fresh weights of the plants treated with NaCl or CaCl2 were lower than those of 
the plants grown without salt (Table 7.1). Fresh weights of plants receiving 
ammonium and salt were lower than those of plants receiving nitrate with salt. 
The rates of ethylene evolution by plants with ammonium application 
were not different between non-salt and salt treatments (Table 7.1). For nitrate 
application, ethylene evolution by plants treated with salt increased compared 
with that of plants without salt treatment. The ’Heinz 1350’ plants treated with 
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CaCl2 had higher ethylene evolution than plants treated with NaCl, but neglecta- 
1 plants had a opposite tendency. With nitrate nutrition, application of NaCl or 
CaCl2 increased ammonium accumulation by both lines (Table 7.1). With plants 
receiving ammonium nutrition, higher ammonium accumulation occurred only 
with ’Heinz 1350’ treated with CaCl2. Conductivity of the medium was 
increased by application of salt, and the medium treated with CaCl2 had a 
higher conductivity than that treated with NaCl. 
Salt and Water Stress 
After ’Heinz 1350’ plants were treated with NaCl and flooding, wilting and 
serious foliar necrosis were observed. The plants treated with NaCl and water 
deficit appeared only slightly chlorotic. Plants irrigated normally with NaCl 
addition had necrosis on lower leaves. The chlorotic and necrotic symptoms on 
neglecta-1 plants treated with NaCl also were worse with flooding than with 
drought treatment. The application of NaCl restricted growth weight regardless 
of water conditions (Table 7.2). However, fresh weight of the plants were not 
significantly different among water-stress treatments. 
Ethylene evolution was high from ’Heinz 1350’ plants treated with flooding 
and without NaCl and also high from neglecta-1 plants treated with flooding, 
drought, and without NaCl (Table 7.2). Water deficit and flooding increased 
ammonium accumulation by plants treated without NaCl. ’Heinz 1350’ treated 
with NaCl and water deficit and neglecta-1 plants treated with NaCl and normal 
water condition had lower ammonium accumulation relative to other NaCl 
treatment. 
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Stress with Excised Tomato Seedling 
The rates of ethylene evolution from excised tomato seedlings treated with 
different salt concentrations were different between ’Heinz 1350’ and neglecta-1. 
The ’Heinz 1350’ seedlings treated with CaCl2 had higher ethylene evolution 
than those treated with NaCl at low concentrations, and neglecta-1 seedlings 
treated with NaCl had higher ethylene evolution than those treated with CaCI2 
at high concentrations (Figure 7.1). If the seedlings were treated with 0.5 M 
NaCl or 0.5 M CaCl2, high ethylene evolution was observed from ’Heinz 1350’ 
treated with CaCI2 and neglecta-1 treated with NaCl (Figure 7.2). ’Heinz 1350’ 
had higher Ca concentration than neglecta-1, but neglecta-1 had Na 
concentration than ’Heinz 1350’ (Figure 7.3). Ethylene evolution from excised 
seedlings of ’Heinz 1350’ or neglecta-1 treated with NaCl or CaCl2 was 
decreased by AOA, but STS had no effect on ethylene evolution (Table 7.3). 
The effects of AOA or STS on ammonium accumulation by plants was 
similar to the effects of these inhibitors on ethylene evolution. The application 
of AOA depressed ammonium accumulation by plants receiving NaCl or CaCl2 
and STS had no significant effect on ammonium accumulation (Table 7.3) 
Discussion 
The injury of salt stress in plants is usually considered as two aspects: toxic 
effects caused by specific ions, and detrimental effects caused by a lowered 
external osmotic potential due to high concentration of the salt (Heyser and 
Nabors, 1981; Mozafar and Goodin, 1986). The most studied ions for salt stress 
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are Na+, Ca**, and Cl'. Calcium has been shown to ameliorate toxic effects of 
salinity, especially those due to Na+ (Marschner, 1986). However, Zekri and 
Parsons (1990) demonstrated that the beneficial effect of Ca depended on the 
anion associated with the Ca salt and that CaS04, but not CaCl2, overcame the 
damaging effect of NaCl. 
The results of the current study showed that NaCl or CaCl2 caused toxic 
symptoms on tomato plants. The application of ammonium and water stress 
aggravated the development of toxic symptoms. In most cases, the plants with 
toxic symptoms had high ammonium accumulation and high rates ethylene 
evolution. In some cases, however, plants stressed with salt and ammonium or 
water stress had high ammonium accumulation but no increase in ethylene 
evolution. This low ethylene evolution may resulted from the plants being over¬ 
stressed (the peak of ethylene evolution had been passed) or some factors 
restricted the release of ethylene from plants, such as stomatal closure. 
The inhibition of potassium absorption by high concentration of CaCl2 or 
NaCl has been reported (Harborne, 1982; Kawasaki et al., 1983). Osmotic stress 
has been reported to stimulate polyamine accumulation in plants (Flores and 
Galston, 1982b, 1984a, and 1984b). The plants with toxic symptoms under 
stress of potassium deficiency usually accumulate high concentration of 
putrescine (Corey and Barker, 1989; Klein et al., 1979; Smith, 1973). The 
previous study also indicated that high putrescine concentration from stressed 
plants was associated with high ammonium accumulation and ethylene evolution 
(Chapter IV and VI). These results indicate that stresses that cause high 
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ethylene evolution may be the same as those cause high accumulation of 
ammonium and putrescine. The results in this study suggested that salt stress 
initiated ammonium accumulation and stimulated ethylene synthesis and 
development of toxic symptoms. 
In this study, ’Heinz 1350’ and neglecta-1 had different responses to NaCl 
and CaCl2. ’Heinz 1350’ accumulated more Ca** and had high ethylene 
evolution with CaCl2 treatment relative to NaCl treatment and neglecta-1. 
However, neglecta-1 accumulated more Na+ and higher ethylene evolution than 
those of ’Heinz 1350’. Tal and Shannon (1983) demonstrated that the higher 
the salinity tolerance of tomato plants, the higher were the Na+ and Cl' contents, 
and Mozafar and Goodin (1986) concluded that the toxic effects of specific ions 
on plant growth depended on the drought or salt tolerance of the plants and 
stage of growth. Therefore, ’Heinz 1350’ and neglecta-1 may have different 
tolerance to Na+ and Ca++, which resulted in the differences on ammonium 
accumulation, ethylene evolution, and Na+ and Ca^ concentrations between two 
lines. 
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TABLE 7.1. Medium Conductivity, Fresh Weight, Ethylene Evolution, and 
Ammonium Accumulation of Tomato Shoots as Affected by Salt Stress and 
Nitrogen Form. 
Treatment Measurementt 
Nitrogen 
Form 
Salt 
Conductivity 
(m£2'7cm) 
Fresh Shoot 
(g/pot) 
Ethylene 
(nl/g hr) 
Ammonium 
(pg N/g) 
Heinz 1350 
nh4 None 1.34c 58a 9.3a 189b 
NaCI 1.94b 42b 10.5a 200b 
CaCl2 2.48a 38b 13.5a 236a 
no3 None 0.86c 79a 7.1c 47b 
NaCI 1.48b 59b 18.4b 86a 
CaCl2 2.55a 57b 32.9a 76ab 
neglecta-1 
nh4 None 1.04c 21a 12.5a 203a 
NaCI 1.60b 17a 14.3a 219a 
CaCl2 2.21a 17a 17.9a 217d 
no3 None 0.56b 22a 8.1c 48b 
NaCI 1.30a 18a 47.5a 82a 
CaCI2 1.43a 18a 19.2b 76ab 
Results of analysis of variance, F test 
Salt(S) ** ** ** ** 
Nitrgen(N) ** ** ** ** 
Genotype(G) ** ** * NS 
S x N NS NS ** NS 
N x G NS ** NS NS 
S x G * ** * NS 
S x N x G ** NS * NS 
t Means followed by different letters within columns under nitrogen forms 
and genotypes are significantly different (5% level) by Duncan’s multiple range 
test. Ethylene evolution and ammonium accumulation are expressed on a fresh 
weigh basis. 
NS, Nonsignificant; *, Significant at 5% level; **, Significant at 1% level. 
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TABLE 7.2. Fresh Weight, Ethylene Evolution, and Ammonium Accumulation 
of Tomato Shoots as Affected by Salt and Water Stress. 
Treatment Measurementt 
Salt Form Water 
Fresh Shoot 
(g/pot) 
Ethylene 
(nl/g*hr) 
Ammonium 
(pg N/g) 
Heinz 1350 
None Normal 106a 6.4b 25b 
Drought 105a 7.3b 31b 
Flooding 118a 16.2a 61a 
NaCl Normal 40a 8.4a 143a 
Drought 40a 4.3a 99b 
Flooding 46a 8.5a 162a 
neglecta-1 
None Normal 40a 7.2b 34a 
Dought 30a 14.0a 50a 
Flooding 30a 13.2a 53a 
NaCl Normal 11a 8.7a 89b 
Drought 9a 6.5a 120a 
Flooding 8a 9.8a 122a 
Results of analysis of variance, F test 
Water(W) NS ** ** 
Salt(S) ** ** ** 
Genotype(G) ** NS NS 
W x S NS ** ** 
S x G ** NS * 
W x G NS NS NS 
W x S x G NS NS * 
t Means followed by different letters within columns under salt forms and 
genotypes are significantly different (5% level) by Duncan’s multiple range test. 
Ethylene evolution and ammonium accumulation are expressed on a fresh weigh 
basis. 
NS, Nonsignificant; *, Significant at 5% level; **, Significant at 1% level. 
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TABLE 7.3. Ethylene Evolution and Ammonium Accumulation of Excised 
Tomato Shoots as Affected by Salt Stress and Inhibitors. 
Treatment Measurementt 
Salt Form Inhibitor 
Ethylene 
(nl/g-hr) 
Ammonium 
(pg N/g) 
Heinz 1350 
NaCl None 9.6a 207a 
AOA 2.3b 159b 
STS 12.9a 242a 
CaCl2 None 13.6a 231a 
AOA 4.2b 146b 
STS 14.5a 
neglecta-1 
271a 
NaCl None 14.5a 219a 
AOA 6.2b 124b 
STS 16.5a 225a 
CaCl2 None 6.5a 211a 
AOA 3.5a 133b 
STS 7.1a 217a 
Results of analysis of variance, F test 
Salt(S) * * 
Inhibitor(I) ** ** 
Genotype(G) NS NS 
S x I NS NS 
I x G NS NS 
S x G ** ** 
S x I x G NS NS 
t Means followed by different letters within columns under salt forms and 
genotypes are significantly different (5% level) by Duncan’s multiple range test. 
Ethylene evolution and ammonium accumulation are expressed on a fresh weigh 
basis. 
NS, Nonsignificant; *, Significant at 5% level; **, Significant at 1% level. 
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FIGURE 7.1. Ethylene Evolution by Tomato Plant as Affected by Salt 
Concentration. (Ethylene evolution is expressed on a fresh weight basis). 
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FIGURE 7.2. Ethylene Evolution by Tomato Plant as Affected by Applied NaCl 
and CaCl2. (Ethylene evolution is expressed on a fresh weight basis). 
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CHAPTER VIE 
GENERAL DISCUSSION 
High ethylene evolution by plants subjected to various environmental 
stresses, such as chilling injury, drought and waterlogging, salt and osmotic 
stress, air pollution, pathogens, and nutrient deficiency, are widely reported 
(Barker and Corey, 1988; Mizrahi, 1982; Straeten and Montagu, 1990; Yang et 
al., 1990). Symptoms of epinasty, chlorosis, and cupping of leaves were often 
observed on stressed plants (Bradford and Dilley, 1978; Jackson et al., 1978; 
Kawas, 1981; Leather et al., 1972). Some reports also showed that stressed 
plant accumulated high concentration of free ammonium relative to nonstressed 
plants (Lazcano-Ferrat and Lavatt, 1988; Lovrekovich et al., 1970; Slucum and 
Weinstein, 1990). However, no research elucidated the relationship of ethylene 
evolution and ammonium accumulation by plants under environmental stresses. 
Because the stress-induced symptoms are very similar to those of ammonium 
toxicity (Maynard and Barker, 1969; Maynard et al., 1966; Puritch and Barker, 
1967), It appeared that ammonium accumulation may be involved in ethylene 
biosynthesis in stressed plants. 
The results from the present study indicated that ammonium accumulation, 
ethylene evolution, and toxic symptoms are interrelated events. In most cases, 
stressed plants accumulating high concentration of ammonium had high ethylene 
evolution and toxic symptoms. When an inhibitor of ethylene synthesis was 
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supplied to the stressed plants, ethylene evolution and ammonium accumulation 
were suppressed, and toxic symptoms were prevented. However, the application 
of the inhibitor of ethylene action did not suppress ammonium accumulation in 
stressed plants, but delayed expression of toxic symptoms. These results suggest 
that ammonium accumulation may precede ethylene biosynthesis in stressed 
plants. 
Polvamines, usually including putrescine, spermidine, and spermine, often 
are detected with stressed plants because these polyamines are considered to be 
involved in some processes of growth and development in plants (Galston et al., 
1990). They may have a role in protecting plants against stress, or they may be 
toxic factors that enhance stress. The concentration of polyamine in response to 
environmental stresses was reviewed by Smith (1990). Generally, stressed plants 
accumulated more putrescine in relation to nonstressed plants, and the 
responses of spermidine and spermine to stress were variable. In current 
experiments, plants grown with ammonium nutrition accumulated more 
putrescine than spermidine, and plants grown with nitrate nutrition 
accumulated more spermidine than putrescine. The application of an inhibitor 
of ethylene synthesis suppressed putrescine accumulation but had no significant 
effect on concentration of spermidine and spermine. The results indicate that 
the synthesis of putrescine probably is a consequence of ammonium 
accumulation. 
According to Smith (1990) and Slocum and Weinstein (1990), ammonium 
accumulation precedes putrescine synthesis, and putrescine is precursor of 
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spermidine and spermine. Furthermore, putrescine and spermidine are 
precursors of 5’-methylthioadenosine (MTA), which is involved into the 
biosynthesis of ethylene. Therefore, a proposed scheme for stress induced 
symptoms mediated by ammonium and polyamine accumulation and ethylene 
biosynthesis is showed in Figure 8.1. From this scheme, we see that 
environmental stresses cause accumulation of free ammonium in the plants, the 
accumulated ammonium stimulates putrescine production and accelerates 
ethylene biosynthesis, and the excessive ethylene promotes the development of 
stress-induced symptoms. 
Lovatt (1990) demonstrated that increased concentration of free ammonium 
in response to many environmental stresses is a key factor causing the changes 
in intermediary and secondary nitrogen metabolism during stress. In the 
present study, all stresses, including nutrient deficiency, high acidity, 
waterlogging, water deficit, and salt stress, stimulated ammonium accumulation 
in varying degrees. Even plants grown with nitrate nutrition, stressed plants 
also accumulated more ammonium than nonstressed plants. These results 
indicate that stress-induced accumulation of ammonium is not from external 
ammonium sources but may arise from hydrolysis of proteins or other internal 
sources or metabolic process. Barker et al. (1966) found that ammonium 
accumulation by plants under high acidity largely arose from protein 
degradation. Slocum and Weinstein (1990) implicated that the environmental 
stress possibly increased photorespiratory cycling of ammonium. The increases 
of other soluble nitrogen compounds in plants induced by environmental 
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stresses, including nutrient deficiency, salt stress, water deficit, and water 
flooding, have been well reviewed by Stewart and Larher (1980). 
The suppression of ammonium accumulation and ethylene evolution by the 
inhibitor of ethylene synthesis suggested that enhanced ethylene probably is one 
of factors which cause ammonium accumulation in stressed plants. This action 
may be related to the autocatalytic effect of ethylene on its synthesis and 
catabolic reactions. Ethylene-induced physiological disorders in horticultural 
crops have been well reviewed by Kader (1985). He summarized that the 
physiological and biochemical effects of ethylene on horticultural crops include 
increased respiratory activity, increased activity of enzymes, increased 
permeability and loss of cell compartmentalization, and alteration of auxin 
transport or metabolism. Those physiological disorders may bring about release 
of free ammonium from the damaged plant tissue. However, the results of 
ammonium accumulation from present studies and other researches still strongly 
indicate that ammonium accumulation is an early response to environmental 
stress and that accumulated ammonium stimulates ethylene biosynthesis which 
in turn promotes development of toxic symptoms. 
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